IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOXPLM2

FROM DREAMS TO REALITY: PROSPECTS FOR APPLYING ADVANCED
ACCELERATOR TECHNOLOGY TO NEXT GENERATION SCIENTIFIC
USER FACILITIES*
Massimo Ferrario (INFN/LNF, Frascati), Ralph Wolfgang Assmann (DESY, Hamburg)
Abstract
Recent years have seen spectacular progress in the development of innovative acceleration methods that are not
based on traditional RF accelerating structures. These
novel developments are at the interface of laser, plasma
and accelerator physics and may potentially lead to much
more compact and economical accelerator facilities.
While primarily focusing on the ability to accelerate
charged particles with much larger gradients than traditional RF, these new techniques have yet to demonstrate
comparable performances to RF in terms of both beam
parameters and reproducibility. To guide the developments beyond the necessary basic R&D and concept validations, a common understanding and definition of required performance and beam parameters for an operational user facility is now needed. These innovative user
facilities can include "table-top" light sources, medical
accelerators, industrial accelerators or even high-energy
colliders. This paper will review the most promising developments in new acceleration methods and it will present the status of on going projects including the EU project EuPRAXIA.

INTRODUCTION
Advancement in particle physics has historically been
linked with the availability of particle beams of ever increasing energy or intensity. For more than three decades
the collision energy in particle colliders has increased
exponentially in time as described by the so-called Livingston plot. A recent version [1] of the Livingston plot is
shown in Figure 1. It includes achievements with conventional and novel accelerators and indicates the present
plans beyond 2014. It is seen that particle accelerators are
a remarkable success story with beam energies having
increased by 5 – 8 orders of magnitude since the first RF
based accelerators in the 1920s. However, it is also evident that the exponential increase of beam energy with
time has levelled off in conventional accelerators since
the 1980s. Limits in conventional accelerators arise from
technical limitations (e.g. maximum fields in superconducting magnets for Hadron machines, synchrotron
power losses in Lepton machines, breakdown effects at
metallic walls of RF cavities in Linear machines) but also
practical issues like size and cost. This limitation has
serious implications for future “big science” accelerators
such as TeV colliders, as it implies machines that may
reach many 10’s of km in length and cost in excess of €10
billion. To overcome such limitations a vigorous worldwide effort is on going aimed at the development of high
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field superconducting magnets, of Muon collider designs
and of novel high-gradient acceleration techniques.

Figure 1: Updated Livingston plot for accelerators [1],
showing the maximum reach in beam energy versus time.
Grey bands visualize accelerator applications. The left
fork shows the progress in conventional accelerators from
the first ideas in the 1920s. This main fork splits into two
lines for electron/positron machines and for proton accelerators. A new fork of laser-driven plasma accelerators
has emerged in 1980, reaching multi-GeV energies by
now. Beam driven plasma acceleration results are indicated by the square point. Vertical dashed line indicate future goals for the various technologies [1].
In order to afford the energy needed to excite high gradient accelerators, their operating wavelength must be
reduced, from the RF to the THz spectral regime and even
down to optical wavelength. This presents distinct challenges in power generation, requiring new paradigms in
the excitation of accelerating waves and in the beam time
structure.
At the same time a new technology emerged, based on
the revolutionary proposal of plasma accelerators by Tajima and Dawson in 1979 [2], and the invention of amplified chirped short (~fs) optical pulses (CPA) by Mourou
and Strickland in mid 1980s [3], both awarded by the
Nobel price for physics in 2018 for the invention of CPA
techniques. Plasma-based concepts presently offer not
only the high beam energies shown in Figure 1, but also
the highest accelerating gradient compared to other novel
acceleration techniques like high-frequency metallic RF
structures or dielectric structures. To proceed towards
high-energy physics (HEP) applications, however, one
must demonstrate progress in beam quality and control.
Advances in understanding limitations on accelerating
gradient go beyond linear colliders; compact and cost
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CHALLENGES TO HIGHER BEAM POWER IN J-PARC:
ACHIEVED PERFORMANCE AND FUTURE PROSPECTS
S. Igarashi†, for the J-PARC Accelerator Group, KEK/J-PARC Center,
319-1195 Tokai, Naka, Ibaraki, Japan
Abstract
The Japan proton accelerator research complex (JPARC) is a world leading intensity frontier accelerator facility, consisting of a 400-MeV H- linac, a 3-GeV Rapid
Cycling Synchrotron (RCS) and a 30-GeV slow cycling
Main Ring Synchrotron (MR). The RCS delivers a 530-kW
beam with 4.5×1013 particles per pulse (ppp) to the Materials and Life science experimental Facility (MLF) in the
recent operation. A stable one-hour operation of the design
beam power of 1 MW was successfully demonstrated. The
construction of the second target station of the MLF with
beam power upgraded to 1.5 MW is now under discussion.
The MR delivers proton beam to the long-baseline neutrino
oscillation experiment, T2K, by fast extraction (FX) and to
the hadron experimental hall by slow extraction (SX). For
the FX, the maximum beam power is 500 kW and 2.6×1014
ppp, the world highest ppp in synchrotrons, and for the SX
51 kW and 5.5×1013 ppp with an extremely high extraction
efficiency of 99.5 %. The T2K experiment demands the upgrade of the beam power to 1.3 MW. The operation of
higher repetition rate is planned with upgrade of hardware
such as the magnet power supplies and RF system.

INTRODUCTION
The Japan proton accelerator research complex (JPARC) comprises high intensity accelerators and facilities
to use the secondary beams [1, 2]. H- beams are accelerated
to 400 MeV by the linac and injected to the rapid cycling
synchrotron (RCS). The beams are charge exchanged to
proton beams during the injection process and accelerated
to 3 GeV.
Most of the 3-GeV beams are delivered to the production
target of neutron and muon in the materials and life science
experimental facilities (MLF). In MLF, twenty of the neutron beam lines are in operation for the various scientific
researches including the fundamental physics and industrial uses. For the future upgrade, the construction of the
second target station of the MLF is being discussed with
the beam power upgrade.
A part of the RCS beams is also delivered to the main
ring (MR) and then accelerated to 30 GeV. The beam is
provided to either the hadron experimental hall or the neutrino facility. In the hadron hall, the secondary beams such
as pions, Kaons and muons, are produced and used for the
experiments of the nuclear and elementary particle physics.
Upgrade plan is under discussion for the extension of the
experimental hall.
___________________________________________

† susumu.igarashi@kek.jp

MOYPLM1
6

The 30-GeV beam delivered to the neutrino facility are
utilized to produce the neutrino beam for the long baseline
neutrino oscillation experiment (T2K) with the far neutrino
detector Super-Kamiokande which is a 50-kTon water Cerenkov detector located 295 km away from J-PARC. Significant experimental achievements have been reported
about the first result on CP (charge conjugation - parity)
violation search obtained from the T2K experiment [3].
The result indicates a potential discovery in the near future
and further motivates MR to provide higher intensity
beams. There is an upgrade plan of building the new far
detector Hyper-Kamiokande which will be a 260-kTon water Cerenkov detector.
At the beam tunings of high intensity accelerators, it is
necessary to minimize the beam losses. Hands-on maintenances would then be possible with a reasonably low level
of radiation doses. Efforts of the beam loss reduction in the
J-PARC accelerators are introduced in this paper.

LINAC
The linac consists of an H− ion source, a Low Energy
Beam Transport Line (LEBT), a 324 MHz 3 MeV RFQ and
a Medium Energy Beam Transport Line (MEBT1). After
the front end, a Drift Tube Linac (DTL) accelerates the
beam to 50 MeV followed by a Separated-type DTL
(SDTL) up to 191 MeV. A major upgrade was performed
in the summer of 2013 for the beam energy of 400 MeV by
a series of annular coupled structures (ACS) operating at
972 MHz [4].
The ion source and RFQ was replaced in 2014 for the
higher beam current from 30 mA to 50 mA. For the recent
operation, the beam current is 50 mA. The beam current of
60 mA was achieved for the beam study [5]. The pulse
width is 0.5 ms for the typical operation with the repetition
of 25 Hz. The pulse width of 0.6 ms was achieved for the
beam study.
During the acceleration of H− beam, intra-beam stripping
causes serious beam losses in ACS. The lattice was recently modified from the original design of equipartitioned
lattice to the new lattice with the temperature ratio of
Txy/Tz = 0.7. The beam loss is reduced by 40% [6]. Transverse optics matching and RF phase scan of all stages are
also being done besides the tunings of the ion source,
LEBT, RFQ and chopper when it is required.

RCS
The beam of 400 MeV H− from linac is injected to RCS
by a multi-turn process of 0.5 ms in a typical operation. The
beam is charged exchanged with a carbon foil at the same
time. The beam is then accelerated to 3 GeV with a repetition rate of 25 Hz. The original design beam power is 1
MC4: Hadron Accelerators
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SRF OPERATION AT XFEL: LESSONS LEARNED AFTER MORE THAN
ONE YEAR
D. Kostin, V. Ayvazyan, J. Branlard, W. Decking, L. Lilje, M. Omet, T. Schnautz, V. Vogel,
N. Walker, Deutsches Elektronen-Synchrotron, Hamburg, Germany.
Abstract
The European XFEL is the largest high-field SRF installation in the world and has now been in operation more
than a year. It serves as a "prototype" for other facilities
being constructed or in the planning stage. Performance of
the operation of the SRF system over this period of time
and the lessons learned will be discussed.

INTRODUCTION
The Eu-XFEL [1, 2] machine layout is presented in
Fig.1. The linear accelerator is built in several sections
starting with an injector section I1. I1 is composed of the
normal conducting 1.5-cell photo-injector with one accelerating cryo-module (CM) A1 and 3rd harmonic (3.9 GHz)
module AH1. CMs are grouped into the RF-stations A1 to
A25, where stations A2 to A25 have 4 CM each (see Fig.2).
An RF-station is connected to one RF source, a 10-MW
multibeam klystron. The main linac is built in the XTL tunnel. The bunch compressor (BS) chicanes split the main
linac into sections L1, L2 and L3. Linac sections are split
into cryo-strings (CS), where section L1 has one RF-station
in the CS and all other CS in L2 and L3 have three. General
numbers are as follows:
 Length of accelerator: 1500 m
 Length of facility:
3400 m

 101 CM (97 installed now)
 8 SRF 9-cell cavities per CM
Four CM (one RF-station, A26) are not installed yet, because two CM must be repaired before the installation. Repair is ongoing (one CM done). It is planned to install these
four CM later.
Currently three undulator sections SASE1, 2 and 3 are in
the operation. Main beam parameters are listed in Table 1.
The linac operation generates no beam losses.
Table 1: Eu-XFEL Main Beam Parameters
Parameter
Max. beam energy
Beam pulse length
Repetition rate
Max. # of bunches per pulse
Min. bunch spacing
Bunch charge
Max. beam current
Nominal beam duty factor
Energy jitter over bunch train
Average accelerating gradient

Units
GeV
µs
Hz
MHz
nC
mA
%
MV/m

Value
17.5
600
10
2700
4.5
≤1
4.5
0.65
<10-4
23.6

Figure 1: European-XFEL layout.

Figure 2: RF station layout (A2 – A25).

SRF Technology
Eu-XFEL accelerator is built on TESLA SRF technology
with 8 accelerating cavities per CM (Fig. 3, Table 2).

Figure 3: 9 cells TESLA type SRF cavity.
MOYPLM2
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Table 2: SRF Accelerating Cavity Parameters
Parameter
Units
Value
Operating frequency
GHz
1.3
Cavity length
m
1.035
R/Q
Ω
1030
Accelerating gradient
MV/m
20–31
Quality factor, Q0
≥1010
Qext (input coupler)
4.6×106
Operating temperature
K
2.0
MC7: Accelerator Technology
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PROGRESS WITH THE HIGH LUMINOSITY LHC PROJECT AT CERN*
L. Rossi1 and O. Brüning, CERN ATS-DO, Geneva, Switzerland
1
also at University of Milan – Physics department, Milan, Italy
Abstract
The High Luminosity LHC (HL-LHC) project aims at
upgrading the LHC by increasing the peak luminosity, to
allow collecting 3000 fb-1 for ATLAS and CMS experiments, each, which is ten times more than the initial LHC
expectations. The upgrade is based on multiple factors,
like: doubling the beam current, operation in levelling
mode, the deploying of a stronger and larger aperture inner
quadrupole triplet in the low-beta insertions, thanks to the
use of Nb3Sn superconductor with almost 12 T peak field
in the coils. We will make use of compact crab cavities (a
novelty for hadrons) to allow almost head-on collisions despite the larger crossing angle. A collimator insertion in the
dispersion suppressor region to handle the losses in the
cold part of the machine is possible thanks to the use of a
few 11 T dipoles based on Nb3Sn technology. We also aim
at reducing drastically the impedance contribution of collimators by utilizing new materials and coating techniques.
Many other new technologies are developed for HL-LHC,
like new superconducting links of 100 kA: HL-LHC is important as a technology turning point for future post-LHC
HEP colliders as it is for enhancing the LHC Physics reach.

INTRODUCTION
The LHC complex, the collider with its injectors and experiments, is working very well. After the discovery of the
Higgs boson in 2012, based on 5 fb-1 at 3.5+3.5 TeV and 5
fb-1 at 4+4 TeV collected in each of the two high luminosity
experiment (ATLAS in the LHC P1 and CMS in LHC P5),
the LHC ran successfully for further four years (2015-18).
It has reached the nominal luminosity of L0=1034 cm-2s-1 in
2016 and it has even doubled that figure in 2018, accumulating some 190 fb-1, almost all at 6.5+6.5 TeV beam energy. LHC integrated luminosity is already above 60% of
the initially planned 300 fb-1 (at 7+7 TeV). In order to maximize the physics reach of the LHC, i.e. return for investment for the ten thousands users of the LHC, in 2010
CERN has set up the High Luminosity LHC project (HLLHC), [1,2], when LHC was just starting high energy collision at few 1032 cm-2s-1 luminosity, with the following
goals:
reaching a luminosity of Llev=51034 cm-2s-1, working in
a levelling mode, to reach an integrated luminosity of 250
fb-1/year;
reaching a total integrated luminosity of 3000 fb-1 in 10
years of operation after upgrade.
These goals are 5 times larger than the nominal design
LHC goals in term of peak luminosity L0 and 10 times in
term of integrated luminosity. The reason of the larger gain
in integrated luminosity than in peak one, is the operation
____________________________________________
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in levelling mode. Actually the HL-LHC parameters would
allow to reach 17L0, however we limit the initial luminosity levelling it for long time as shown in Fig. 1. Limiting
the maximum luminosity entails a moderate loss of about
20% in integrated luminosity but it has the big advantage
to overcome the limitation of heat deposition in the superconducting magnets near the collision points (limitation in
the coils and in the cryogenics) and limitation in the detector data taking, i.e. the collision pile-up, a key feature for
experiments to improve the quality of the physics analysis.

Figure 1: Luminosity evolution along a HL-LHC fill in
case of no-levelling (red) and levelling mode (blue). The
no-levelling standard mode of the LHC with nominal design parameters and with Run 2 ones are shown, too.
The timing of the upgrade is given by radiation damage
to the inner tracker of the LHC experiments ATLAS and
CMS and in the LHC inner triplet (IT) magnets (quadrupoles and orbit correctors) as well as by the reduction in
physics interest once the increase in luminosity stagnates,
requiring more and more running time to half the statistical
errors. Fig. 2 shows the integrated LHC/HL-LHC programme, with main HL-LHC installation foreseen during
LS3 (2024-26).

MAIN INGREDIENTS OF THE UPGRAGE
AND PERFORMANCE REACH
The LHC machine is so well optimized that it is difficult
to improve it without a serious upgrade of many technical
systems. As pointed out first by F. Zimmermann in [3], the
integrated luminosity in a levelled operated collider depends strongly on the number of circulating protons (the
initial “charge”). However each term counts [for example
the emittance and β*] and the fact that performance depends, apart from the total number of protons, on many parameters is also an advantage because the impact on the
integrated luminosity of underperformance of a single parameter is limited.
MOYPLM3
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OPERATION STATUS AND UPGRADE OF CSNS
1
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Dongguan Campus, Institute of High Energy Physics, 523803 Dongguan China
2
University of Chinese Academy of Science, 100049 Beijing China
Table1: CSNS Design Parameters

Abstract
China Spallation Neutron Source (CSNS) accelerator
complex consists of a front end, an 80MeV DTL linac, and
a 1.6GeV Rapid Cycling Synchrotron (RCS).It is designed
with a beam power of 100kW in the first phase and reserves upgrade capability to 500kW in the second phase. It
has completed initial beam commissioning and has started
user operation in 2018. And meanwhile the beam power is
quickly going up from the initially above 10kW to 50kW
during the user operation, and we can foresee that the designed beam power of 100 kW can be reached in the next
year. This paper gives the recent status of beam commissioning, beam power ramping, user operation, as well as
future upgrade plan to increase the beam power up to 500
kW.

INTRODUCTION
The CSNS accelerator provides proton beam pulses of
1.6GeV kinetic energy at 25Hz repetition rate to a solid
metal target to produce spallation neutrons for neutron
scattering experiment [1]. A schematic layout of CSNS
phase-1 complex is shown in Figure 1. In the phase one, 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, the Rapid Cycling Synchrotron (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 has been built in the first phase due to limited budget. The beam power is 100kW on the target in the
first phase. The accelerator will be upgraded to 500kW
beam power at the same repetition rate and the same output
energy in the second phase by increasing the average beam
current 5 times. Table 1 lists the major parameters in the
two phases.

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

After 6.5 years construction [2], the CSNS completed its
project construction in March 2018. The bird view of the
CSNS campus is shown in Fig. 2. In this photo, from right
to left we can see the buildings of klystron gallery for the
linac, target station and synchrotron hall.

Figure 2: CSNS site bird view.

Figure 1: Schematics of the CSNS complex.
____________________________________________
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Whole machine complex has been commissioned in the
second half of 2017, with the first beam on the target in
August 2017. Since March 2018, the facility has been put
into user operation while the beam power is increasing
from initial 20kW to present 50kW. Accelerator beam
availability is higher than 90%. We are going to raise the
power to 100kW in the next year. After we hit this target,
phase-2 program for accelerator power upgrade to 500kW
will be hopefully launched. For injecting 5-times more
beam current into the RCS, it is necessary to raise linac
beam energy to compensate for the space charge tune shift
in the ring. The CSNS linac tunnel reserve a space of 85m
long in the LRBT beam line for installing additional SC
cavities for up to 300MeV output beam.
MOZPLM1
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ION COLLIDER PRECISION MEASUREMENTS WITH DIFFERENT
SPECIES *
G.J. Marr #, E.N. Beebe, I. Blackler, W. Christie, K.A. Drees, P.S. Dyer, A.V. Fedotov, W. Fischer,
C.J. Gardner, C. Giorgio, H. Huang, T. Kanesue, N.A. Kling, V. Litvinenko, C. Liu, Y. Luo,
D. Maffei, B. Martin, A. Marusic, K. Mernick, M.G. Minty, C. Naylor, M. Okamura, I. Pinayev,
G. Robert-Demolaize, T. Roser, P. Sampson, V. Schoefer, T.C. Shrey, D. Steski, P. Thieberger,
J.E. Tuozzolo, K. Zeno, I.Y. Zhang, Collider-Accelerator Department, BNL, Upton, NY, 11973, USA
Abstract
Precedent to electron cooling commissioning and collisions of Gold at various energies at RHIC in 2018, the
STAR experiment desired an exploration of the chiral magnetic effect in the quark gluon plasma (QGP) with an isobar
run, utilizing Ruthenium and Zirconium. Colliding Zr-96
with Zr-96 and Ru-96 with Ru-96 create the same QGP but
in a different magnetic field due to the different charges of
the Zr (Z=40) and Ru (Z=44) ions. Since the charge difference is only 10%, the experimental program requires exacting store conditions for both ions. These systematic error concerns presented new challenges for the Collider, including frequent reconfiguration of the Collider for the different ion species, and maintaining level amounts of instantaneous and integrated luminosity between two species.
Moreover, making beams of Zr-96 and Ru-96 is challenging since the natural abundances of these isotopes are low.
Creating viable enriched source material for Zr-96 required
assistance with processing from RIKEN, while Ru-96 was
provided by a new enrichment facility under commissioning at Oak Ridge National Laboratory.

supplying liquid He to superconducting RF systems for
electron beam operations [6].

ION SOURCE PREPARATION
To best pursue observations of the chiral magnetic effect
(CME), 96Ru44+ and 96Zr40+ were a suitable choice of isobar
pair ions for the RHIC. However, with a natural abundance
of just 5.5% and 2.8% respectively, enriched material was
required for the ion sources.
Zirconium-96 was a commercially available substance,
but ZrO2 powder is not a viable material for laser irradiation at the laser-ion (LION) source line of the electron
beam ion source (EBIS). With expert assistance from
colleagues at RIKEN, Japan, a sintering process was used
to compress and heat the oxide powder, as shown in Fig. 1,
and create a number of solid targets acceptable for use with
the laser.

INTRODUCTION
The Fiscal Year (FY) 2017 run with heavy ion (Au+Au)
and polarized proton [1] operations concluded in late June
2017. Following this, preparations for a heavy ion run in
FY 2018 (Run-18) proceeded. While the PHENIX experiment continued its upgrade to the sPHENIX collaboration
[2], the STAR experiment prioritized an isobar heavy ion
run at high energy, also including in their proposal [3]
Au+Au collisions at multiple energies. Following from
previous setup and testing [4], STAR desired additional
dedicated runs of one Au ion beam (‘Yellow’ ring) on a
fixed target in their detector.
Cryogenic operations commenced cooldown to 4K for
the superconducting magnet system on March 5th. Following an initial setup period, the physics program commenced March 14th, with 96Ru+96Ru and 96Zr+96Zr collisions. This was followed with Au operations until the conclusion of Run-18 physics on June 11th, followed by a dedicated period devoted to the Coherent electron Cooling
Proof of Principle (CeC PoP) [5]. The commissioning time
for Low Energy RHIC electron Cooling (LEReC) continued through September 16th, as one sector of the RHIC
‘Blue’ ring cryogenics was maintained at 4K to continue
____________________________________________
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Figure 1: Zirconium oxide during sintering process to form
targets at RIKEN, Japan. Image courtesy of RIKEN.
Ruthenium-96 material inventory was quite scarce
worldwide. Fortunately, the Enriched Stable Isotope Pilot
Plant (ESIPP) at Oak Ridge National Laboratory (ORNL)
was beginning to reach the production stage of their electromagnetic isotope separator (EMIS) [7]. 96Ru was made
a priority for the first production isotope, as pictured in Fig.
2. ORNL delivered 500 mg of 96Ru to BNL for our target
production. Thorough testing of Ru beams, from the Tandem source through the injectors, showed that sufficient
ion bunch intensity could still be achieved with 25% Ru96 and 75% Al source targets, thus conserving valuable
material. Ruthenium, however, could not be formed into a
suitable solid target for the laser. Given prior expertise of
Ru beam tests at the source and through the Booster and
MC1: Circular and Linear Colliders
A01 Hadron Colliders
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BEAM COMMISSIONING OF THE DEMONSTRATOR SETUP FOR THE
SUPERCONDUCTING CONTINUOUS WAVE HIM/GSI-LINAC
M. Miski-Oglu1,2∗ , K. Aulenbacher 1,2,3 , W. Barth 1,2 , M. Basten4 , C. Burandt1,2 , M. Busch4 ,
T. Conrad4 , F. Dziuba1,2,3 , V. Gettmann1,2 , M. Heilmann2 , T. Kuerzeder1,2 , J. List1,2,3 , S. Lauber1,2,3 ,
H. Podlech4 , A. Rubin,2 , A. Schnase2 , M. Schwarz4 , S. Yaramyshev2
1 Helmholtz Institute Mainz, Mainz, Germany
2 GSI Helmholtzzentrum für Schwerionenforschung
3 KPH, Johannes Gutenberg-University, Mainz, Germany
4 IAP Goethe-Universität Frankfurt, Frankfurt, Germany
Abstract
During successful beam commissioning of the superconducting 15-gap Crossbar H-mode (CH) cavity at GSI
Helmholtzzentrum für Schwerionenforschung heavy ions
up to the design beam energy have been accelerated. The
design acceleration gain of 3.5 MeV inside a length of less
than 70 cm has been reached with full transmission for heavy
ion beams of up to 1.5 pµA. The measured beam parameters
confirm sufficient beam quality. The machine beam commissioning is a major milestone of the R&D for the superconducting heavy ion continuous wave linear accelerator
HELIAC (HElmholtz LInear ACcelerator) of Helmholtz
Institute Mainz (HIM) and GSI, developed in collaboration
with IAP Goethe-University Frankfurt (GUF). The next step
is the procurement and commissioning of the so called "Advanced Demonstrator" – the first of four cryomodules for
the entire accelerator HELIAC. Results of further Demonstrator beam tests, as well as the status of the "Advanced
demonstrator" project will be reported.

This is a preprint — the final version is published with IOP

INTRODUCTION
The design and construction of continuous wave (cw)
high intensity Linacs is a crucial goal of worldwide accelerator technology development [1]. In the low- and mediumenergy range, cw-Linacs can be used for several applications,
as Accelerator Driven subcritical nuclear reactor Systems
(ADS) [2, 3], synthesis of Super Heavy Elements (SHE) [4]
and material science. In particular the increased projectile
intensity, preferably in cw mode, would remarkably improve
the SHE yield. The compactness and energy efficiency of
such cw facilities requires the use of superconducting (sc)
elements in modern high intensity ion linacs [5–9]. For
this purpose the heavy ion superconducting (sc) cw linac
HELIAC is developed at GSI Helmholtzzentrum für Schwerionenforschung at Darmstadt and Helmholtz Institute Mainz
(HIM)[10, 11] under key support of Institut für Angewandte
Physik (IAP) of Goethe University Frankfurt (GUF) [12,
13].
Table 1 shows the key parameters of the HELIAC. Heavy
ion beams with a mass-to-charge ratio up to A/z = 6 will
be accelerated by twelve multi-gap CH cavities, operated
at 216.816 MHz. The HELIAC should serve for physics
∗
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experiments, smoothly varying the output particle energy
from 3.5 to 7.3 MeV/u and simultaneously preserving high
beam quality [14].
Table 1: Design Parameters of the HELIAC [13]
Mass-to-charge ratio
Frequency (MHz)
Max. beam current (mA)
Injection energy (MeV/u)
Output energy (MeV/u)
Output energy spread (keV/u)
SC CH cavities

6
216.816
1
1.4
3.5 – 7.3
±3
12

BEAM TESTS OF DEMONSTRATOR
Prior the realization of HELIAC, the demonstrator project
is accomplished at GSI in collaboration with HIM and GUF.
The demonstrator setup is located downstream of the GSI
High Charge State Injector [15] (HLI).

217 MHz
CH0 cavity
support
frame

sc solenoids
2.2 m

Figure 1: Sectional view of Demonstrator cryostat, the
216.816 MHz CH-cavity and two sc solenoids are suspended
within a support frame.
The demonstrator comprises a 15 gap sc CH-cavity (CH0)
[16] embedded by two superconducting solenoids; all three
components are mounted on a common support frame (see
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A BUNCH STRUCTURE MEASUREMENT OF MUONS ACCELERATED
BY RFQ USING A LONGITUDINAL BEAM-PROFILE MONITOR WITH
HIGH TIME RESOLUTION
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Nagoya University, Nagoya, Aichi 464-8602, Japan
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Abstract
The result of bunch size measurement of muon accelerated
by RFQ up to 89 keV is presented in this paper. A four-stage
muon linac for precise measurement of muon property is
under construction in the J-PARC. The demonstration of
the first muon RF acceleration with an RFQ linac was conducted and the transverse profile of the accelerated muons
was measured in 2017. As one of the remaining issues for
the beam-diagnostic system, the longitudinal beam profile
after the RFQ should be measured to match the profile to the
designed acceptance of the subsequent accelerator. For this
purpose, the new longitudinal beam monitor using the microchannel plate is under development. The time resolution of
the monitor aims to be around 30 to 40 ps corresponding to
1% of a period of an operating frequency of the accelerator,
which is 324 MHz. On November 2018, the bunch size of
accelerated negative muonium ion (𝜇+ 𝑒− 𝑒− ) of 89 keV with
the RFQ was measured using this monitor at the J-PARC
MLF. The measured bunch width is 𝜎=0.54±0.13 ns, which
is consistent with the simulation.

INTRODUCTION
Anomalous magnetic moment ( 𝑔 − 2 ) is one of the most
precisely measured physical quantity. It is reported that the
discrepancy between the measurement value and the theoretical prediction of Standard Model reached more than
3𝜎 [1]. J-PARC E34 experiment [2] aims to measure muon’s
𝑔 − 2 and electric dipole moment with high precision by a
different way from the previous experiments [3] and the successor experiment [4]. In this experiment, a low-emittance
muon beam is provided using epithermal energy muons and
a four-stage linac. Demonstration of the first muon RF acceleration with an Radio-Frequency Quadrupole (RFQ) linac
was conducted [5] and the transverse profile of the accel∗
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erated muons was measured last year [6]. As one of the
remaining issues for the beam-diagnostic system, the longitudinal beam profile of low-beta muons should be measured
for beam matching to a subsequent accelerator. For this purpose, a new longitudinal beam monitor using micro-channel
plates is under development. Time resolution of the monitor
aims to be around several ten ps corresponding to 1% of a
period of an operating frequency of the accelerator which is
324 MHz.
In this paper, the experimental setup of muon bunch size
by using the beam monitor with high-time precision and the
result are presented.

EXPERIMENTAL SETUP
The beam test was conducted at the Muon Facility D2 area
in the J-PARC Materials and Life Science Facility (MLF).
Figure 1 shows an experimental setup in the D2 beam area.
Positive muons (𝜇+ ) whose kinetic energy is about 2.9 MeV
are provided from D2 port. Because the RCS is operated in
double-bunch mode, the 𝜇+ bunches come at intervals of
598 ns. And the bunch size of 𝜇+ is around 𝜎=50 ns. During
the measurement, the proton beam power of the RCS, which
is the Synchrotron providing proton to MLF for production
of muon, is 305 and 509 kW. Estimated 𝜇+ intensity are
2.5 × 106 and 4.0 × 106 [𝜇+ /s]. These 𝜇+ are degraded by a
target which consists of kapton and aluminum foil. A part
of 𝜇+ forms negative muonium ion ( Mu− , 𝜇+ 𝑒− 𝑒− ), whose
kinetic energy is about 25 meV, at the surface of target and
diffuse out of that [7]. The production efficiency of Mu−
is estimated to be 8 × 10−7 [8]. Mu− s are accelerated up
to 5.6 keV by the electro-static lens system, which is Soa
len [9], and are injected into the RFQ. This linac which is
the prototype RFQ [10] of J-PARC can accelerate the Mu−
up to 89 keV [5].
In a diagnostic beam line at the downstream, the Mu− s
are transferred by a couple of quadrupole magnets ( QM1
MOZZPLM2
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COMMISSIONING AND FIRST RESULTS OF THE FERMILAB MUON
CAMPUS*
D. Stratakis†, B. Drendel, J. P. Morgan, N. Froemming1, M. J. Syphers1
Fermi National Accelerator Laboratory, Batavia IL, USA
1
also at Northern Illinois University, DeKalb IL, USA
Abstract
In the following years the Fermilab Muon Campus will
deliver highly polarized muon beams to the storage ring of
the Muon g-2 Experiment. The Muon Campus contains a
target section wherein secondaries are produced, the Delivery Ring which separates the muons from the rest of the
beam and a straight section that transports them to the storage ring. Here, we report the first experimental results and
experience gained from commissioning the Muon Campus,
including the interaction of the proton beam with the target,
the transport of secondary beam over long sections, the
monitoring of muons from the available diagnostics and
the development of techniques for measuring the beam optics. We present detailed comparisons between experimental data and simulation and discuss the similarities and
differences observed.

INTRODUCTION
The Muon g-2 Experiment, at Fermilab, will measure
the muon anomalous magnetic moment, �� to unprecedented precision: 0.14 parts per million. To perform the experiment, a polarized beam of positive muons is injected
into a storage ring with a vertical uniform magnetic field.
Details can be found elsewhere [1].
The Muon g-2 Experiment will be running in the new
Fermilab Muon Campus [2]. Simulation studies [3] have
shown that the Muon Campus has the potential to deliver
highly polarized muons with 21 times the statistics of the
equivalent Brookhaven experiment [4]. For the Fermilab
Muon Campus operations, protons accelerated in the Linac
and Booster are adiabatically re-bunched in the Recycler
and led to a Inconel target. Secondary beam pions then
travel around the Delivery Ring (DR) where the pions decay into muons, and finally the beam continues into the
storage ring. The passage through the DR is very beneficial
as it will provide enough time for pions to decay into muons and most importantly will increase the gap between the
“light” muons and “heavy” protons.
Here report the first experimental results of the Fermilab Muon Campus with emphasis on the experimental
milestones that have demonstrated the Muon Campus capability of delivering beam to the Muon g-2 Experiment.
These milestones included the interaction of primary proton beam with the target, the generation and transport of
muons over long sections, the monitoring of secondaries
from the available diagnostics and the development of
___________________________________________
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techniques for measuring the beam optics. We also compare the experimental data with predictions from simulations and show that our model can describe the physics of
the experiment within a reasonable level of agreement.

MUON CAMPUS COMMISIONING
Commissioning of the Fermilab Muon Campus begun
on April 2017. In the first phase, a 8-GeV proton beam
from the Recycler bypassed the target, entered the DR via
the M3 line and finally was extracted into the M4 line. The
beam intensity was by two orders of magnitudes higher
compared to the secondary beam. As a result, this part of
the commissioning provided a good testbed from crosschecking the optics and available instrumentation along the
Muon Campus. For the second part of commissioning, the
primary proton beam was sent to the target with the goal to
commission the new-born 3.1-GeV secondary beam. To
save experimental time, the secondary beam did not travel
around the DR but rather passed straight through, then
propagated down the M4/M5 lines, and into the g-2 storage
ring. In the last phase, the primary beam was sent to the
target and the 3.1 GeV secondary beam was passed through
the DR, protons were removed after the fourth turn and the
beam was sent in the storage ring via the M4M5 lines. This
scenario is illustrated in Fig. 1 and will be the primary focus of this paper.

Figure 1: Muon Campus sketch: (a) During operation, and
(b) initial commissioning plan. In that case, revolutions of
the beam around the DR will be omitted.

MUON CAPTURE AND TRANSPORT
The spot size of the primary beam impacting the production target is a key parameter that governs the final pion

MOZZPLM3
41

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOZZPLS1

eRHIC DESIGN OVERVIEW∗
C. Montag† , G. Bassi, J. Beebe-Wang, J. S. Berg, M. Blaskiewicz, A. Blednykh, J. M. Brennan,
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H. Lovelace III, Y. Luo, F. Meot, M. Minty, R. B. Palmer, B. Parker, S. Peggs, V. Ptitsyn,
V. H. Ranjbar, G. Robert-Demolaize, S. Seletskiy, V. Smaluk, K. S. Smith, S. Tepikian,
P. Thieberger, D. Trbojevic, N. Tsoupas, S. Verdu-Andres, W.-T. Weng, F. J. Willeke, H. Witte,
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Abstract
The Electron-Ion Collider (EIC) is being envisioned as the
next facility to be constructed by the DOE Nuclear Physics
program. Brookhaven National Laboratory is proposing eRHIC, a facility based on the existing RHIC complex as a
cost eﬀective realization of the EIC project with a peak luminosity of 1034 cm−2 sec−1 . An electron storage ring with an
energy range from 5 to 18 GeV will be added in the existing
RHIC tunnel. A spin-transparent rapid-cycling synchrotron
(RCS) will serve as a full-energy polarized electron injector.
Recent design improvements include reduction of the IR
magnet strengths to avoid the necessity for Nb3 Sn magnets,
and a novel hadron injection scheme to maximize the integrated luminosity. We will provide an overview of this
proposed project and present the current design status.

INTRODUCTION
In its White Paper, the U.S. Nuclear Physics community
set forth the requirements for a future electron-ion collider
(EIC) as follows:
• An electron-proton center-of-mass energy of 20 to
140 GeV;
• An electron-proton luminosity of 1033 to
1034 cm−2 sec−1 ;
• Spin polarized electron and light ion (proton, deuteron,
3 He) beams, with polarization levels of at least 70 percent;
• Arbitrary spin patterns in both beams;
• A wide range of ion species from protons to uranium.
Brookhaven National Laboratory is proposing eRHIC, an
electron-ion collider based on the existing RHIC facility.
RHIC consists of two superconducting storage rings (“Blue”
and “Yellow”) with a circumference of 3.8 km that intersect
at six equidistantly spaced locations around the ring. This
facility is ideally suited as a base for the EIC for a number
of reasons:
• The hadron beam parameters of RHIC, which has exceeded its design luminosity 44-fold, are very close to the
parameters required for eRHIC;
∗
†
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Table 1: eRHIC Electron-proton Machine Parameters at
105 GeV Center-of-mass Energy [1]. Electron-ion Parameters are Given in [2]
species
energy [GeV]
bunch intensity [1010 ]
beam current [A]
RMS hor./vert. [nm]
∗ [cm]
βx,y
b.-b. param. hor./vert.
σs [cm]
σdp/p [10−4 ]
τIBS long./transv. [h]
L [1033 cm−2 sec−1 ]

proton
electron
275
10
6.9
17.2
1.0
2.5
9.2/1.6
20.0/1.3
90/4.0
41/5.0
0.014/0.007 0.072/0.100
6.0
1.9
7.0
5.5
4/2
N/A
10.5

• Ion species from protons to uranium have been routinely
accelerated, stored, and collided;
• Proton polarization levels of 60 percent have been routinely achieved at 255 GeV beam energy, and with additional
Siberian snakes are expected to reach 70%;
• The large 3.8 km circumference and a maximum proton
beam energy of 275 GeV allow for an electron-proton
center-of-mass energy of 140 GeV with an 18 GeV electron storage ring installed in the same tunnel, assuming a
straightforward proton energy upgrade from 255 to 275 GeV.
The eRHIC concept consists of combining the existing
“Yellow” RHIC ring with a 5 to 18 GeV electron storage
ring plus a full energy injector synchrotron installed in the
existing RHIC tunnel. Electron-ion collisions are provided
in up to two interaction regions which are equipped with
detectors. Figure 1 shows a schematic overview of the entire eRHIC facility, including the existing hadron complex.
Table 1 lists the eRHIC machine parameters at a center-ofmass energy of 105 GeV where the highest luminosity of
1.05 × 1034 cm−2 sec−1 is attained.

ELECTRON STORAGE RING
The six arcs of the electron storage ring are comprised
of approximately 16 m long FODO cells [3]. The bending
sections in these cells are realized as super-bends with each
section consisting of three individual dipoles, namely two
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Abstract
The design of a future multi-TeV µ collider needs new
ideas to overcome the technological challenges related to µ
production, cooling, accumulation and acceleration. In this
paper an upgraded layout of a e+ driven µ source, known as
the Low EMittance Muon Accelerator (LEMMA) concept
developed at INFN-LNF, is presented. In this new scheme
the e+ beam, stored in a ring with high energy acceptance
and low emittance, is extracted and driven to a multi-target
system, to produce µ pairs at threshold. Muons produced
are accumulated in two rings before the fast acceleration and
injection in a µ+ µ− collider.

INTRODUCTION
The Low Emittance Muon Accelerator (LEMMA) concept [1–3] is based on µ production from a 45 GeV e+ beam
annihilating with the electrons of a target close to threshold
for µ+ µ− pair creation, thus generating, without any cooling,
µ beams with low enough transverse emittance for a high
energy collider. The initial design foresaw an e+ storage
ring with an internal target, in order to allow for multiple
interactions of the e+ with the electrons at rest in the target. However, this layout has encountered several limiting
difficulties. An alternative design is presently under study,
to identify the challenges within reach of the existing technology, and those requiring further innovation. In the new
scheme e+ bunches are extracted to impinge on multiple
targets in a dedicated straight section. This scheme could
release the impact of the average power on the targets and
also reduce the number of e+ from the source.

LAYOUT OF THE COMPLEX
In order to have a reliable µ production scheme, precise
requirements on the muon source chain timing have been set.
The complete µ production cycle should be ∼410 µsec, of
the order of the particle lifetime (467 µsec) at 22.5 GeV, thus
reducing the intrinsic beam losses with respect to the accumulated µ intensity. After one production cycle, µ bunches
must be immediately accelerated to increase their lifetime
∗
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and reduce losses. Moreover, one complete cycle must accommodate enough time for the e+ production and damping,
in the main Positron Ring (PR) or in a dedicated Damping
Ring (DR). Damping time must be compatible with a reasonable amount of synchrotron power emitted, ranging from
10 msec in a 5 GeV DR to 80 msec in a 45 GeV PR. This
time is needed even in case it is possible to recuperate the e+
bunches “spent” in the µ production which, after interacting
with the targets, are strongly affected and have a degraded
6D emittance. It is evident that the impact of the µ production on the e+ bunches should be minimized to allow for
generating the maximum amount of µ for a single e+ bunch
passage, the study of different type of targets is in progress.
Once an e+ bunch has been “spent”, it is mandatory to have
a “fresh” e+ bunch for the µ accumulation cycle. Furthermore, the different systems composing the µ source complex
must not show unrealistic performances, taking into account
the state-of-the-art of the existing technology and the possibility to have a future R&D program to fulfill the required
parameters. Three different accelerator complex layouts are
currently being studied, in order to choose the one fulfilling
all the requirements. In the following we will detail the accelerator complex Scheme III, which at the moment seems
the most promising.

Scheme III General Layout
Scheme III main components are (see sketch in Fig.1):
• e+ Source (PS) at 300 MeV plus 5 GeV Linac,
• 5 GeV Damping Ring (DR),
• SC Linac or Energy Recovery Linac (ERL) to accelerate to 45 GeV, and decelerate to 5 GeV after µ production,
• 45 GeV PR to accumulate 1000 bunches needed for µ
production,
• delay loops to synchronize e+ and µ bunches,
• one or more Target Lines (TL) for the µ production,
• 2 Accumulation Rings (AR) where µ are stored until
the µ bunch has a suitable number of particles,
• “embedded” e+ source, for the production of the e+
needed to restore the design e+ beam current.
The PS and the first Linac have to produce and inject
1000 bunches of 5x1011 e+ /bunch in the DR, which stores
3.8 A e+ and has a short (∼10 msec) cooling time thanks
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DESIGN REVIEW OF BELLOWS RF-SHIELDING TYPES AND NEW
CONCEPTS FOR SIRIUS
H. O. C. Duarte∗ , R. M. Seraphim, T. M. Rocha, A. R. D. Rodrigues, P. P. S. Freitas
Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil
Abstract
Large amounts of bellows in an accelerator justify the
importance of simplifying the machining and assembling
processes of their RF shield. Such quantity also makes
this component one of the main contributors for a machine
impedance budget. On the other hand, low impedance designs tend to complicate the mechanical aspects. Applied
to Sirius round vacuum chamber of 24 mm inner diameter,
the omega-strip and comb-type bellows concepts are compared with new proposed designs. In such comparison, the
aforementioned aspects, wakefield losses and prototyping
experiences are presented in this work.

INTRODUCTION
The small vacuum chamber aperture demanded by diffraction limited light sources has brought several engineering
challenges to their storage ring design [1]. NEG coating
technology can be considered a good approach for pumping
chambers with reduced conductance and, in case of Sirius1
storage ring chambers, an in-situ bake-out for NEG activation is employed. During this activation, attached bellows
need to accommodate long thermal expansions of the beam
pipes, requiring longer compression range which, in turn,
may bring complexities to an effective bellows RF-shielding
design. In addition, the reduced space between magnets
available for BPM installation and the use of two bellows
per BPM requires a compact dimension for the design.
Another consequence of low aperture pipes for a RFshielded bellows design is the strong sensitivity of the geometric impedance with respect to radial changes on the
chamber profile. Large amounts of bellows in a storage ring
strongly contribute to the machine impedance budget and
therefore to the beam collective instabilities on the ring [2].
The initial analysis for the Sirius storage ring bellows
design have followed two development fronts guided by two
identified concepts that will be called as:
• Gap-independent: designs that demands radial change
in the chamber profile, whose longitudinal gap variation does not strongly affect the wakefield losses.
The omega-strip RF-shielding design proposed at
DAΦNE [3] was taken as starting point;
• Gap-dependent: designs that do not demand radial
changes except in a high capacitance gap, whose
longitudinal variation strongly affects the wakefield
∗
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losses. The comb-type RF-shielding design proposed
at KEKB [4, 5] was taken as starting point.

DESIGN DEVELOPMENTS
Two designs for each front are presented (see Fig. 1) for
Sirius 24 mm inner diameter beam pipes, taking prototyping
experiences and wakefield analysis into account. GdfidL [6]
was used prescribing resistive-wall boundary conditions and
analysis were performed focusing on loss/kick factors at the
single-bunch instabilities spectrum range and longitudinal
higher order modes (HOMs). More specifically, the later
comprises avoiding strong heat load from wake losses by
either damping harmful HOMs or guaranteeing that the beam
does not deposit energy at the HOM frequency [7].

Front 1: Gap-independent Designs
Developments started aiming at adapting the DAΦNE
design concept to Sirius reduced transverse (chambers aperture) and longitudinal dimensions (installation space). In
addition, great effort was put to simplify the machining and
assembling processes. Tests with the resulting 8-strip modified omega bellows (see Fig. 1) have presented difficulties on
keeping an evenly distributed contact with the octave-shaped
cavity edges, mainly intensified when a lateral displacement
was induced. In this way, it was identified the need of designing a precise movement limiter to minimize the contact
issues when interacting with the beam. Furthermore, the
strip thermal resistance to softening, when using standard
beryllium- copper alloys, proved to be unsatisfactory for
withstanding the bake-out cycles expected for the machine
lifespan. Such problems, allied to the identified lack of
lateral displacement requirements, have motivated the development of the telescopic bellows, where a silver-plated
coil spring guarantees an axisymmetric electrical contact
between the male and female parts (see Fig. 1, detail B).
These machined pieces are shown in Figure 2.
Regarding electromagnetic performance, modified-omega
and telescopic bellows basically form cavities whose TM010
fundamental mode center frequencies are slightly below the
∼9.56 GHz chamber cutoff. Considering the bunch length
versus average current scenario for Sirius commissioning
phases, this is the only mode to be concerned about and
changes in geometry should have been made if its frequency
coincided with an RF harmonic. It is worth mentioning
that no coaxial effect is present between male and female
telescopic parts, since at least one point of contact will exist
between the edge of the former with the inner face of the
later. For practical reasons, a longitudinally aligned linear
contact was set in the simulations. On the opposite side with
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LONGITUDINAL KICKER DESIGN FOR SIRIUS LIGHT SOURCE
H. O. C. Duarte∗ , A. Barros, Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil
Abstract
An overloaded cavity kicker for the Sirius longitudinal
bunch-by-bunch feedback system will be presented in this
contribution. 4th generation light sources’ lower aperture of
vacuum chambers lead to higher cutoﬀ frequencies, jeopardizing the electromagnetic performance of cavities by trapping higher order modes (HOMs) inside the structure. With
the objective of damping longitudinal and transverse HOMs
without compromising the kicker shunt impedance, solutions
as cavity radius reduction, tapered transitions and other geometry changes are discussed herein.

INTRODUCTION
Sirius, the new LNLS 3 GeV fourth generation synchrotron light source under construction in Brazil, is approaching its commissioning stage. In this stage, called
Phase 0, a normal conducting (NC) PETRA 7-Cell RF cavity will be employed in the storage ring and a maximum
average current of 100 mA is expected. The following operation stages comprise two superconducting (SC) RF cavities
replacing the PETRA cavity and a 3rd harmonic passive
Landau Cavity (LC) added to increase the beam lifetime and
allow the nominal 350 mA average current to be reached.
However, during Phase 0, achieving the desired average
current of 100 mA might be extremely challenging or even
impossible without a bunch-by-bunch (BbB) feedback system. On both transverse and longitudinal planes, several
higher order modes of the NC cavity are expected to drive
coupled-bunch mode instabilities (CBMIs) [1]. Whereas
stripline kickers were designed for the transverse plane [2,
3], an overloaded cavity, subject of this contribution, was
designed to perform as longitudinal plane BbB kicker.
The correction signal of the Sirius BbB feedback system is modulated at 2.5 times the RF frequency fRF of
500 MHz. In order to correct all CBMIs, a bandwidth
(BW) of 12 fRF (250 MHz) is enough for a cavity fundamental mode centered at fc = 2.25 fRF (1.125 GHz) or
fc 2.75 fRF (1.375 GHz). The later is preferable for a higher
shunt impedance and shifting higher order modes (HOMs)
up in frequency. Another design goal was to damp all the
HOMs by solutions in the geometry without signiﬁcantly
increasing the mechanical complexity already demanded by
an overloaded cavity design.

CONCEPTUAL ASPECTS
The longitudinal kicker design is basically a pillbox cavity with radially attached coaxial feedthroughs that couple
the signal by ridged waveguides placed around the vacuum
chamber proﬁle, therefore lowering the quality factor of the
cavity. Whereas the correction signal is applied at one end
∗
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of the cavity, the other end is terminated with matched loads.
The design was proposed at DAΦNE [4] and later modiﬁed
at PLS [5]. Based on these studies, a longitudinal kicker
was designed in 2013 for UVX [6], the currently operating
LNLS light source.
Initially the UVX design was taken as starting point for
Sirius kicker, since the center frequency of the former being
65 MHz lower than the 1.375 GHz required for the later
would demand a slight cavity radius reduction. However, the
diﬀerence in the vacuum chamber diameters – 58 mm for
UVX and 24 mm for Sirius – and the corresponding diﬀerence between their cutoﬀ frequencies – ∼3.96 GHz against
∼9.56 GHz, respectively – is enough to trap several HOMs
in the cavity with the Sirius beam pipe. This problem has
motivated the study to incorporate recent design modiﬁcations, such as tapered transitions proposed at DIAMOND [7]
and nose cone lengthening at MAX-IV [8].
Lengthening the nose cones lowers the center frequency
of the cavity, which can be brought back up by reducing
the pillbox radius, shifting HOMs upwards as a beneﬁcial
consequence. The HOMs still below the chamber cutoﬀ
could now be damped by tapered transitions between the
nose cone edge and the beam pipe proﬁle. These premises
will be the focus of this contribution, which will not detail
the ridged waveguide optimization.

DESIGN EVOLUTION
After the conceptual review, the design evolution can be
divided into three stages, each one represented by a geometry
depicted by Fig. 1. GdﬁdL [9] was used for the wakeﬁeld simulations, whose impedance results for the respective stages
are depicted by Fig. 2.
First attempts aimed at lengthening the nose cones until
achieving a geometric conﬁguration for a compact 112 mm
diameter cavity. This would allow its vacuum sealing by
a DN100CF ﬂange. Geometry 1 represents this stage, but
reasonably strong longitudinal and transverse dipole modes
were still trapped in the cavity, as shown in Fig. 2 (blue
curve).
By employing a tapered nose cone and adjusting the length
of both ridged waveguides and tapers, Geometry 2 (green
curve in Fig. 2) had all of its HOMs damped except for a
TE111 mode centered at ∼9.56 GHz. Diagnosing this mode
using ANSYS HFSS [10] eigenmode simulations, it was
trapped in the tapered cavity shape formed by the nose cones,
as depicted by Fig. 3.
The remaining HOM was damped in Geometry 3 by machining 4 slots across the nose cone (see Fig. 1), in order
to cover both vertically and horizontally oriented HOMs.
The 8 mm slot width is narrow enough to trap the fundamental mode, but wide enough for coupling the HOM to the
ridged waveguides. As minor adjustments in the nose cone
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COLLECTIVE INSTABILITY STUDIES FOR SIRIUS
F. H. de Sá∗ , Brazilian Synchrotron Light Laboratory, Campinas, Brazil
Abstract
In this work we will present the estimates of single and
multi-bunch instability thresholds and current-dependent effects, such as tune-shifts and potential-well distortion for the
Sirius storage ring. The results were obtained by tracking
simulations and semi-analytic methods using the updated
and detailed impedance budget of the machine, which includes contributions from all the in-vacuum components
and the coherent synchrotron radiation (CSR) impedance.

(a) Longitudinal

INTRODUCTION
Sirius is a 3 GeV fourth generation light source being built
in Campinas, Brazil, by the Brazilian Synchrotron Light Laboratory (LNLS). The status of the project as well as information about the magnetic lattice can be found elsewhere [1, 2].
In a previous work [3] we reported the impedance budget for the storage ring, which was calculated using semianalytic formulas for the wall impedance [4] and 2D [5, 6]
and 3D [7] numerical codes for the geometric contribution.
We also presented preliminary analysis of the effect of this
budget in the stability of the storage ring, using semi-analytic
methods based on the mode-coupling theory [8–10].
In this work we have added a simple model for the coherent
synchrotron radiation (CSR) impedance to the impedance
budget and have used an in-house developed tracking code to
estimate the single-bunch instability thresholds and potential–
well distortion in the longitudinal plane. The same code,
which accounts for chromaticity and longitudinal potential–
well distortion, was used in the transverse plane to identify
the single-bunch instabilities. We also have attempted to
include the effects of intra-beam scattering (IBS) in the simulations with a simple approach.
All results presented here are discussed with more details
in reference [11].

MULTI-BUNCH INSTABILITIES
The storage ring will be commissioned with a PETRA
7-Cell cavity. We used the data presented by Bassi et al. [12]
for the higher order modes of this cavity to estimate the
current threshold of coupled-bunch instabilities in all three
planes of motion for uniform filling. Figure 1 summarizes
the results. Considering the resonant modes can have center
frequencies slightly different from the one simulated, there
is possibility for instabilities at beam currents as low as
10 mA in the longitudinal and 5 mA in the transverse planes.
However, it is most likely that the beam will turn unstable
at currents larger than 20 mA. The storage ring will have
bunch-by-bunch feedback systems in all three planes with
dedicated actuators [13, 14] to help accumulation of larger
currents.
∗
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(b) Transverse

Figure 1: The horizontal axis is the mapping of the cavity
impedance peaks in the coupled–bunch modes. Vertical axis
indicates the fractional part of one revolution frequency. The
vertical intervals defined by the dots are those in which sampling by the tune corresponds to instability at the indicated
current. a) Black horizontal lines are ±νz ; b) Black solid
horizontal line is the fractional part of νx and black dashed
line is the fractional part of νy .
Regarding the coupled–bunch instabilities driven by the
resistive-wall impedance in the transverse planes, the results
presented in previous works [3] were not investigated any
further. However, we additionally estimated the incoherent
tune-shift caused by the low frequency part of the detuning
impedance to be on the order of ∆νx,y /I ≈ (1.4, −2.2)A−1
for uniform filling.

TRACKING SIMULATIONS
The tracking code used to perform the simulations presented here is a standard single-bunch particle-in-cell code,
which can perform tracking of the longitudinal plane and
one transverse plane simultaneously. Regarding single particle dynamics, damping and excitation effects of synchrotron
radiation in the longitudinal and transverse planes are considered. The RF voltage is supplied to the code as an interpolation array as function of the longitudinal coordinate,
which allows the simulation of arbitrary potential wells. In
the transverse plane, linear chromatic and action dependent
tune-shifts are also taken into account.
The code supports longitudinal monopole, transverse
dipole and detuning wakes which are supplied as interpolation arrays. The wake kicks are calculated by convolution
of the wake with the estimated longitudinal particle distribution and/or dipole moments, filtered by a 9-point cubic
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MICROPHONICS SUPPRESSION IN ARIEL ACM1 CRYOMODULE*
Y.Y. Ma† , K. Fong, J. Keir, D. Kishi, S.R. Koscielniak, D. Lang, R.E. Laxdal, R.S. Sekhon
TRIUMF, Vancouver, BC, Canada
Abstract
Now 30 MeV stage of the ARIEL (The Advanced Rare
Isotope Laboratory) e-Linac is under commissioning
which includes an injector cryomodule (ICM) and the first
accelerator cryomodule (ACM1). The two ACM1 cavities
are driven by a single klystron with vector-sum control and
running in CW mode. During the commissioning, the
ACM1 cavities gradient and stability were limited by a
ponderomotive effect [1-4]. Acoustic noise from the environment including vibration sources from water- and aircooling systems, cryogenic system and vacuum system
have been identified. In this paper, the progress of the microphonics suppression of ACM1 is presented.

While under vector-sum regulation, the ACM1 cavities
pickup signals indicated a slowly developing (over seconds), large amplitude oscillation at 160Hz in counterphase (Fig. 1) impacting the energy stability and ultimately
the loop stability.

INTRODUCTION

This is a preprint — the final version is published with IOP

PONDERMOTIVE EFFECT
Both ICM and ACM1 work in phase-locked loop (PLL)
self-excited loop (SEL) in CW mode. Unlike the ICM with
one cavity and one SEL loop, the two ACM1 cavities are
driven by a single klystron with vector-sum control of the
two cavity SEL PLL. There is no gradient regulation for
each individual cavity in the ACM1 [9]. Individual tuner
loops are established to maintain the cavity frequency with
respect to the established reference phases. Microphonics
can excite mechanical resonances in either cavity, perturbing the RF resonant frequency, which can couple to the
other cavity via vector-sum regulation. The resonance
modulations lead to further amplitude variations in the two
cavities which in turn drive the mechanical resonances,
leading to a ponderomotive instability [10-14].
____________________________________________

* TRIUMF receives funding via a contribution agreement with the
National Research Council of Canada
† mayanyun@triumf.ca

MC2: Photon Sources and Electron Accelerators
A08 Linear Accelerators

0

-20

Amplitude (dBm)

ARIEL e-Linac is a continuous-wave (CW) superconducting electron linear accelerator. The accelerator is divided into three cryomodules [5, 6]: an ICM with one cavity and two ACM with two 1.3 GHz nine-cell cavities each.
The ‘Demonstrator’ phase of ARIEL was installed for initial technical and beam tests with successful beam acceleration to 22 MeV [7]. The ACM1 cryomodule, initially installed with one cavity, was then updated to 2 cavities [8]
but still driven by a single klystron in vector sum. During
commissioning, acoustic noise from the environment vibration generated by the cooling water system, cooling air,
cryogenic system and vacuum system seeded a coupled
cavity instability driven by the Lorentz force that impacted
the ACM1 rf performance and final beam energy stability.
The final energy gain of ACM1 was limited to around
17~18 MeV with significant energy instability []. Extensive damping has been implemented during a recent shutdown. The new RF test results show 20 MeV acceleration
gain can be reached.
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Figure 1: The two-cavity oscillation of ACM1 pickup signals. (a) The yellow & cyan waveforms are the 1st and 2nd
cavity pickup signals, respectively. (b) Without oscillation,
the 160 Hz peak is not notable(red). When the oscillation
happens, the 160 Hz peak becomes much stronger(blue).
The field threshold for excitation of this instability is impacted both by ambient microphonic noise that can seed
the instability and the precise settings of the two cavity
phase loops. The coupled oscillation can deteriorate the eLinac final energy stability outside specification and needs
to be controlled.

MICROPHONICS SOURCE SEARCHING
AND DAMPING
The external vibrations couple to the mechanical system
constituted by the cavity and auxiliary components and excite mechanical modes at resonance.

RF Waveguide System Damping
The e-Linac high power RF system consists of two klystrons, six high power dummy loads, two circulators and
waveguide components. The water system cooling these
components comprises the main vibration source for the
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SPACE-CHARGE POTENTIAL FOR ELLIPTICAL BEAMS*
S.R. Koscielniak†, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T2A3
Abstract
This work is motivated by the weak-strong beam-beam
effect as occurs in colliding charged-particle beams. We
consider beams with elliptical cross section and power law
binomial forms for the density distribution. We demonstrate explicitly how to construct analytically the spacecharge potential inside the “strong” beam. This is essential
to the program of calculating beam-beam effects for nongaussian beams.

INTRODUCTION
The calculation of the electrostatic force on a test particle
within a charge distribution of circular or elliptical cross
section has a long history, starting with James Clerk Maxwell [1], as does the uniform ellipsoid (3D). These methods
were reported by Klein [2] and Kellog [3], and later generalized by Houssais [4]. Some of the simpler cases have
been used (Kapchinski & Vladimirski [5], and Sacherer
[6]) in accelerator physics since the 1960s. Keil [7], Montague [8], Zotter [9], Bassetti & Erskine [10] all started
with the 2D Housais potential for a Gaussian. Nevertheless, except for the uniform and Gaussian [4] elliptic beam,
the method is not widely known.
Here we show explicitly how the technique is employed
for power law binomial beams, and how our results relate
to the gaussian beam through the second moments.

Relation to Beam-Beam Effects
Assuming that the beam has a Gaussian charge distribution, Houssais and later Bassetti & Erskine, took the transverse density to be Exp[-R2/2] where R2 = [(x/sx)2
+(y/sy)2]. Here x,y are Cartesian coordinates and sx,sy are
the standard deviation of the distribution.
Particle beams are not necessarily Gaussian. We take
density in the quadratic form [1-(R/b)2]N. With radius b and
power index N suitably chosen, this can approximate the
Gaussian increasingly well, even for relatively small N.
Moreover, when we calculate the corresponding potential,
for R>4 σ or larger, it differs very little from the Gaussian
case; because the residual charge beyond radius R is of order Exp[-R2/2] <<< 1 leaving only the Log[R] term, which
is common to both potentials. Assuming the 2-dimensional
Green's function, we show how to construct the potential
leading to explicit and finite series in x and y. Finally, we
illustrate for the case N=6, b=4σ and write the low order
terms in x and y for sigma-x not equal sigma-y.

Normalization & Equal Variance
The 2D and 3D Gaussian distributions are the product of
1D distributions of the form:

𝐸𝑥𝑝[−(1/2)(𝑥/𝑠)^2 ]/(√2𝜋 𝑠)
where s is the standard deviation or r.m.s value of x (i.e. s2
is variance).
Consider now the hard-edge elliptical distributions
𝜌 = [1 − 𝑍(0)] ⁄𝐼
where integer N is the power law, and
𝑥
𝑦
𝑍[𝑡] =
+
sx + 𝑡 sy + 𝑡
The normalization integral is
𝐼 = 𝜋sx sy⁄(1 + 𝑁)
The hard edge distribution will have the same variance
as the Gaussian, if the semi-axes of the ellipse sx, sy are
chosen according to the form
sx
<𝑥 >=𝑠 =
4 + 2𝑁

POTENTIAL FUNCTION
Inside the particle beam, the potential, V, is the solution
of Poisson’s equation −𝛻 𝑉 = 𝜌 . From the treatises of
Kellog and Houssais, it follows that V is of the form:
𝐼
(1 − 𝑍[𝑡])𝜌[𝑍[𝑡]]
𝑉[𝑍] =
𝑑𝑡
𝑆[𝑡]
4𝜋
where 𝑆[𝑡] = (sx + 𝑡)(sy + 𝑡) . Here t is a dummy
variable; it is not a time coordinate. The integral is logarithmically divergent at Z=0, that is when x=y=0. The potential is defined up to an arbitrary constant. Hence we subtract V[Z=0] to eliminate the singularity. Thus:
−1 + (1 − 𝑍[𝑡])𝜌[𝑍[𝑡]]
𝐼
𝑑𝑡
𝑉[𝑍] =
4𝜋
𝑆[𝑡]
𝑉[𝑍] =

−1 + (1 − 𝑍[𝑡])
𝑆[𝑡]

𝑑𝑡

Three-Dimensional Case
The 3D case is a simple extension of the formulas above:
𝑥
𝑦
𝑧
𝑍[𝑡] =
+
+
sx + 𝑡 sy + 𝑡 sz + 𝑡
𝑆[𝑡] = (sx + 𝑡)(sy + 𝑡)(sz + 𝑡)
with revisions of the normalization constant IN and variance formula. Technically, it is not necessary to subtract off
V[Z=0] because the integral is not divergent at x=y=z=0.
However, it is “handy” to have the potential function equal
zero at the origin.
Except in the cases N=0 (constant density) and N=∞
(Gaussian), the 3D integral cannot be obtained analytically,
and numerical integration of elliptic integrals must be resorted to; so, we shall say no more about the 3D ellipsoidal
charge distribution.

2D CONSTANT DENSITY, N=0

___________________________________________
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1
4𝜋

The uniformly filled ellipse with boundary (1-Z[0])=0.
The integral over t is performed giving the expression:
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LONG RANGE BEAM BEAM: TOWARDS FASTER COMPUTATIONS*
S.R. Koscielniak†
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3
Abstract
We outline some features of a program of study toward
faster computation of the cumulative effect of a sequence
of beam-beam interactions across the interaction region.

INTRODUCTION
The beam beam (BB) interaction between counter-rotating beams has a long history of study. The interactions may
be long range (LR) or short range (SR) depending as the
beams are separated or not (respectively). The interactions
are impulsive, occurring each time bunches collide. Beambeam limitations to the luminosity in proton-proton colliders has a long and relentless study for over four decades.
Three machines have been the focus of these studies: the
Tevatron and SCSC in the U.S. and the CERN LHC (and
HL-LHC) in Europe.
The original intention was that this paper, with [1-3],
would be the end goal in a concerted program to speed up
the calculation of weak-strong beam-beam effects in the
HL-LHC under the circumstances of unequal horizontal
and vertical beam sigmas, asymmetric Interaction Region
optics, and closed orbit distortions (COD).

PROGRAM OF STUDY
This program would calculate the short-range interaction
at the central interaction point and the long-range (a.k.a
parasitic) interactions of the separated beams in the interaction region; and then sums these with the appropriate betatron phase advances; and then finally perform the sum
over two interaction regions using Lie-algebraic techniques throughout.
For particle tracking studies we need the electric field
and transverse impulse as function of transverse displacements. Analytic tune shift studies need the potential as
function of action-angle coordinates. Analytic resonance
studies need the Fourier components (with respect to angle) of the potential.
Each calculation is long, complicated and repetitive. It
was hoped that significant speed up of the calculation could
be made by exploiting several aspects of the problem.
1. Using a simpler beam density and interaction potential
2. Making a complete separation of the short-range and
long-range interaction.
3. Exploiting symmetries that exist in the optics (such as
phase advances, and equality of the ratios of beam
sizes and separations) downstream and upstream of
_________________________________________
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the central IP to introduce cancellations or simple
summations of the up and down-stream interactions.
4. Use of pre-computed expressions for particular amplitudes such as 6σ, is useful to resonance studies – but
not particle tracking.
Item (1) is the main area of novelty, and has already many
ramifications: field, potential, tune-shifts, Fourier components, etc., all have to be re-calculated. Contrastingly, item
(3), exploiting symmetries, is already performed by other
authors for many years.
Currently, some parts of this program are complete and
others well-started but not complete; and some parts have
been the subject of diversions; for example, how to deal
correctly with the potential function for the closed orbit
distortion that results from the long-range interaction. Further, the calibration and comparison of new and old results
has proven much more demanding than expected.

BB INTERACTION POTENTIAL
Particle tracking relies on computation of the electromagnetic impulses. Theory relies on analysis of the adiabatic invariants in presence of the BB potential. The impulse and potential for a single BB interaction are both
complicated functions, usually developed in high order series. In a single interaction region (IR), there may be several short range and many long range BB encounters. In a
ring, there may be several IRs. Consequently, many impulses (or potentials), which are individually complicated,
must be calculated and added together. Therefore, short expansion series with equivalent accuracy will be useful.
Traditionally, the beams are taken to have Gaussian
transverse charge distributions. In this model, the witness
particle (in the weak beam) is always inside the strong
beam (provided they are within the same physical aperture). This has the advantage for particle tracking, that no
test is needed for inside versus outside.
Houssais and later Bassetti & Erskine, took the transverse density to be G=Exp[-R2/2] where R2 =
[(x/σx)2+(y/σy)2] and where unequal r.m.s. are σx and σy.
However, particle beams are not necessarily Gaussian unless synchrotron radiation is strong and the storage time is
long. We take density in the quadratic form Q = [1(R/b)^2]^N. With b ≥4σ and N ≥6 suitably chosen, this can
approximate the Gaussian increasingly well, even for relatively small N>6. Let V(G) and V(Q) denote the potentials
and E(G) and E(Q) denote the fields from the gaussian and
quadratic density, respectively.
The power series expansions for field and potential are
finite; and surprisingly accurate in the regime b2=(4+N)σ2.
When we calculate the corresponding potential, for
R>4sigma or larger, it differs little from the Gaussian case.
This happens because the residual charge beyond radius
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ELECTROMAGNETIC IMPULSE OF BEAM DENSITY F(X,Y)G(Z)*
S. R. Koscielniak†, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T2A3A

Abstract
We calculate the transverse impulse on a test particle as
a bunch of charged particles beam passes by. It is often assumed, but seldom proven, that the EM field from a beam
density distribution factored into transverse and longitudinal parts, F and G respectively, has also a factored form
P(x,y)Q(z). This factorization is not possible for stationary
charges. Contrastingly, it becomes increasingly accurate
for ultra-relativistic particle beams. We give a general analysis, show how to develop the corrections in terms of integrals of F and derivatives of G. What is significant is that
if we integrate over longitudinal coordinate z to find the
transverse impulse on a witness charge, the correction
terms integrate to zero leading to the impulse P(x,y)Integral[Q(z)] independent of bunch shape. If this result is already known, this paper serves as a reminder.

INTRODUCTION
The space-charge (SC) tune shift and beam-beam (BB)
tune shift share common origins, but significant differences. For the SC shift, test particle travels with the beam
resulting in (i) partial cancellation of the electric and magnetic forces; and (ii) effect is continuous rather than impulsive. For the BB shift, test particle moves in the opposite
direction to beam resulting in:(i) addition of electric and
magnetic forces; and (ii) effect is impulsive whenever two
bunches pass one another.
We can point to two regimes for this type of calculation:
(i) the long bunch regime as typified by the CERN Intersecting Storage Rings [1]; and (ii) the short bunch regime
with longitudinal and transverse dimensions comparable.
The CERN Large Hadron Collider (LHC) starts to approach the latter inside the interaction regions (but not at
the interaction point). There the longitudinal r.m.s. size is
σz ≈8 cm, lattice β is around 500 m and normalized emittance ≈4 μm leading to transverse r.m.s. size σr ≈0.05 cm.
For the model of the incoherent beam-beam interaction
(a.k.a. weak-strong model), we need the transverse impulse
imparted to the test particle (in the weak beam) located at
(x,y,z=0) as a strong-beam bunch passes by. Hence, we
need the transverse electromagnetic field EM┴(x,y,z, time)
from a 3D bunch (x,y,z+v.t), and to integrate this over time.
This paper is concerned with the regime σz ~ σr. In the
case that the density factors as F(x,y)G(z) it transpires that
the impulse if very similar to the long-bunch case, and increasingly so at high kinematic γ.
Let v and u be the velocity of the source and observer,
respectively. The bunch centre is located at (z + v.t)=0, so
we can replace integral ∫dt with ∫dz/v.
___________________________________________
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We break the calculation into two parts: (1) the contributions when the bunch is downstream and upstream of
the test particle; and (2) when the witness particle is inside
the bunch. The two parts must be added together.

FAR-FIELD IMPULSE
There are fields (outside the charge distribution) ahead
of and behind the bunch. Moving charges produce electric
E and magnetic B fields. The force vector is F= E+u×B,
where u is velocity of observer in laboratory frame.
For a bunch moving leftward and counter-moving (or
stationary) test charge, the forces contribute an impulse.
𝑧=−∞

∫

𝑧=head

𝐹 ⅆ𝑧 + ∫

𝑧=tail

𝐹 ⅆ𝑧

𝑧=∞

When u=v, test charge and beam co-moving, the range of
integration is invalid; there is no impulse.
To do these integrals, we replace the bunch by concentrated charge at its centroid, and use the expressions from
Jackson [2] for transformation of the fields of relativistic
moving charges. Let observer be at distance “x” transverse
to the trajectory of the moving charges. Let total bunch
charge be Q and 4πε≡ 1. Let bunch extend from head zh to
tail zt (moduli). In cylinder coordinates, the fields are
𝑄𝑥𝛾
𝐸𝑟 = 2
(𝑥 + 𝑧 2 𝛾 2 )3⁄2
𝑄𝑧𝛾
𝐸𝑧 = 2
(𝑥 + 𝑧 2 𝛾 2 )3⁄2
𝑣𝐸𝑟
𝐵𝜙 = − 2
𝑐

Longitudinal Impulse
The force is due to Ez alone (Fz = Ez). Performing the
integral we find:
𝑄
𝑄
∫ 𝐹𝑧 ⅆ𝑧 = −
+
2
𝛾√𝑥 2 + 𝛾 2 𝑧ℎ 𝛾√𝑥 2 + 𝛾 2 𝑧𝑡2
𝑄(𝑧ℎ − 𝑧𝑡 ) 𝑄𝑥 2 (𝑧ℎ3 − 𝑧𝑡3 )
∫ 𝐹𝑧 ⅆ𝑧 ≈
−
𝛾 2 𝑧ℎ 𝑧𝑡
2𝛾 4 𝑧ℎ3 𝑧𝑡3
The impulse tends to zero when γ>>1, and is zero when zh
= zt. This is consistent with the expectation that the entire
impulse is identically zero, irrespective of γ >1.

Transverse Impulse
The force is due to Er and u×Bφ. When u= -v, test charge
and beam oppositely directed, the electric and magnetic
forces add up. The net result is Er(1+uv/c2) →2Er. Hence
the force is Fr = 2Er in the relativistic regime. Performing
the integral we find:
2𝑄
𝛾𝑧ℎ
𝛾𝑧𝑡
∫ 𝐹𝑟 ⅆ𝑧 =
(2 −
−
)
2
2
2
2
𝑥
√𝑥 + 𝛾 𝑧
√𝑥 + 𝛾 2 𝑧𝑡2
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TRANSPARENT INJECTION FOR ESRF-EBS
S. White, N. Carmignani M. Dubrulle, M. Morati, P. Raimondi
European Synchrotron Radiation Facility, Grenoble, France
Abstract
The commissioning of the ESRF-EBS storage ring will
start in December 2019 ultimately providing a horizontal
emittance of 130 pm, 30 times lower than the previous one.
Due to the reduced beam lifetime top-up operation will be
required for all operating modes. Transparent injection, i.e.
with negligible perturbations on the stored beam, is necessary to allow continuous data acquisition for beam lines
experiments. Several options have been considered at ESRF
to reduce these perturbations down to a fraction of the rms
beam size. First, new kickers power supplies with slow
ramping time to facilitate active compensation are under
development and will be implemented in the coming years.
In parallel, long term solutions using non-linear kickers and
longitudinal on-axis injection have been investigated.

Figure 1: ESRF-EBS injection cells

INTRODUCTION
Since the introduction of top-up operation at ESRF in
2016 significant efforts were made to minimize the perturbations for the beam line users during injections [1]. The
main limitation was found to be the presence of strong sextupoles inside the injection bump. These sextupoles are not
present at large bump amplitude in the ESRF-EBS lattice
design [2] and a significant reduction of injection perturbation amplitude is expected. However, due to the reduction of
horizontal emittance perturbations normalized to the beam
size are expected to increase by a factor 10. The absence of
sextupoles at large amplitude inside the injection bump will
not compensate for this increase and mitigation measures
will be required to maintain the present performance.
This paper will first describe the ESRF-EBS injection
scheme and report on the techniques developed in Ref. [1]
that will be applied to the ESRF-EBS storage ring. The
development of new injection kickers power supplies and the
feasibility of non-linear kicker and longitudinal injection to
further minimize the perturbations will finally be discussed.

ESRF-EBS INJECTION
The ESRF-EBS injection systems are very similar to the
original design presented in Ref. [3]. It is a standard off-axis
injection scheme consisting of two in-air septa S1/2, one
in-vacuum septum S3 and four kicker magnets K1 to K4 to
generate the injection bump.
Figure 1 shows the optics functions, layout and injection
orbit bump in the injection cells of the ESRF-EBS storage
ring [4]. The horizontal β-function is increased at the septum S3 location to increase the transverse acceptance and
injection efficiency. Sextupoles are located inside the injection bump but their impact on perturbation is significantly
reduced as they sample only minor orbit variation during
MOPGW008
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injections. As will be discussed in the following section
residual non-closure introduced by these sextupoles can be
compensated by the two correctors located in the central part
of the injection bump. For ESRF-EBS, the S1/2 magnets
consist of one electro-magnet (S2) and one permanent magnet (S1) as opposed to two electro-magnets in the former
design in order to reduce the perturbation. Power supplies
with tighter specifications will equip the S3 (in-house development) and S2 [5] magnets in order to reduce random
fluctuations that are difficult to correct and improve injection
efficiency.

MITIGATIONS DEVELOPED FOR ESRF
With the introduction of top-up injection several methods
were developed to reduce the injection perturbation. This
section will summarize the developments that can be used
for ESRF-EBS. Details can be found in Ref. [1].
Sextupoles within the injection bump introduce residual
bump non-closure due to their non-linear fields. This effect
can be the source of large perturbations on the stored beam
when the injection bump is pulsing. It was first suppressed at
Spring8 using dedicated sextupole settings as shown in Ref.
[6]. Unfortunately this method could not be used at ESRF as
it reduced the lifetime to unacceptable levels. Alternatively,
compensation can be achieved using higher order multipoles
or compensation sextupoles at larger bump amplitude. In
the case of ESRF-EBS, the correctors located within the
injection bump shown in Fig. 1 are used.
Figure 2 shows the reduction of the perturbation kick angle along the bunch train and the average beam oscillation
in the presence of sextupole correctors. The initial average
perturbation amplitude corresponds to approximately 0.5σ
but can be almost perfectly compensated using a pair of sexMC5: Beam Dynamics and EM Fields
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FIRST APPLICATION OF ONLINE PARTICLE SWARM OPTIMISATION
AT SOLEIL
L. S. Nadolski∗ , A. Bence, Synchrotron SOLEIL, Gif-sur-Yvette, France
J. Li, HZB, Berlin, Germany
MOTIVATION

Abstract
First attempts of online optimisation of SOLEIL using
Particle Swarm Optimisation (PSO) is reported with two
major applications. This technique proves to be particularly
suitable in a control room and could become a standard
operation tool for tuning the accelerators in complement of
other techniques. The first optimisation of the injection in
the storage ring will be presented using the injection septa
and the vertical correctors of the booster to storage ring
transfer line. The second work will summarise the results
obtained from the optimisation of the transverse on- and
off-momentum dynamics in presence of insertion devices.
Main results, the implementation and improvements will be
presented and discussed thoroughly.

INTRODUCTION
SOLEIL is the French third generation synchrotron light
source operating since 2007 with a 4 nm.rad emittance at
an energy of 2.75 GeV [1, 2]. It has been delivering extremely stable photon beams of high average brightness to
29 beamlines using photon energies in a range of ten orders of magnitude from the IR/UV/VUV up to hard X-rays.
In daily operation, 27 diverse insertion devices (IDs) are
freely controlled (gap/phase) by the users with the exception of an out-of-vacuum wiggler (W164) and an in-vacuum
wiggler (WSV50) operating at fixed gaps. The storage ring
(SR), whose main parameters are given in Table 1, hosts 2
in-vacuum Cryogenic Permanent Magnet Undulators (CPMUs), 6 In-Vacuum Undulators (IVUs), 13 Apple-II type
undulators, and 4 electromagnetic IDs in addition to the
two wigglers. The injector complex is made of a 110 MeV
linac and a full energy booster. The beam is injected into
the horizontal plane; all injection elements are installed in
a single 12 m long straight section: 4 fast kickers, a Eddy
current septum and a thick septum [3].
Table 1: Storage Ring Main Parameters
Parameters
Energy [GeV]
Circumference [m]
Symmetry
Natural Emittance [nm.rad]
Tunes (H/V)
Natural Chromaticities (H/V)
Lifetime @ 500 mA, 1% coupl.
Injection Efficiency w/ IDs
∗
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Values
2.75
354.097
1
4.0
18.155/10.229
−53/−19
15 h
70-80 %

Automatic beam-based optimisation is complementary
to other tools available [4] to tune the performance of an
accelerator. One of the motivations of this work is to shorten
the tuning time to optimise the injection efficiency into the
storage ring. Today the injector operation performance may
vary for several reasons: thermal drifts of the injector after
a shutdown period, variation of the efficiency of injection
pulsed magnet related to an unexpected control malfunctioning or timing or equipment drifts. Up to now the operator
on shift takes notice of the performance degradation and
looks for solution to recover the situation: typically, the first
attempt is to manually retune the injection using the two
SR injection septa and the two final vertical correctors of
the booster-to-storage ring transfer line. The steering of the
beam in horizontal and vertical plane is done blindly and can
take a significant time. The goal is then to reduce this time
by using a PSO-based algorithm in a first step, which could
be completed in a second stage by using machine learning
capabilities.
As a second application, PSO is used to optimise simultaneously the lifetime and the injection efficiency of the
storage ring by scanning experimentally the sextupole magnet settings. The lifetime and the injection efficiency are
proxies for the dynamic aperture (DA) and the longitudinal
momentum acceptance (LMA). If the bare lattice is very
well characterised and in full agreement with the simulation [5, 6], the challenge is to find a robust working point
with respect to the insertion device configurations. As explained in the introduction, the ID parameter space may be
very large; its dimension is 48 if all the gaps and phases of
mechanical IDs and main currents of electromagnetic devices are taken into account. Even if each single ID has been
individually tuned and has local feedforward corrections or
passive corrections (magic finger, etc.) when required, the
residual defaults and the ID transverse field roll-off may still
impact the performance through nonlinear cross talks. This
is enhanced furthermore by the fact the lattice has lost over
the years part of its immunity to ID configurations especially after operating the accelerator in a 1-fold symmetry
(instead of the design 4 fold-symmetry) for accommodating
two canted in-vacuum CPMUs [7–9] and pushing further
down the vertical betatron function to allow operation of the
in-vacuum wiggler at 4.5 mm minimum gap. Unfortunately
it is not possible to get a precise modelling of each single
ID, especially for a few of them which strongly impact the
beam dynamics [10] (10 m long 640 mm of period HU640,
nonlinear cross talk of in-vacuum IDs due to the B-field
roll-off related to their limited pole widths, etc.). At the end,
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FIELD-MAP AND BEAM TRANSPORT CALCULATIONS OF THE
MAGNETIC SEPARATOR AT ALTO FACILITY AT ORSAY
L. Perrot †, R. Ollier, CNRS, Institut de Physique Nucléaire d’Orsay, Univ. Paris-Saclay, Univ.
Paris-Sud, France
Abstract
The Institute of Nuclear Physics at Orsay (IPNO) has
always been a major player in building accelerators for
nuclear physics. The Accelerator Linear Tandem Orsay
(ALTO) facility is powered by a 50 MeV/10uA linear
electron accelerator dedicated to the production of radioactive beams [1]. The production mode is based on the
photo-fission process of a thick UCx target heated up to
2000°C and using the Isotopes Separation On-Line
(ISOL) technique [2]. For the ionization of the released
fission fragments, three ion source types can be coupled
to the target: a Febiad ion source, surface ion source, and
laser ion source. The facility can deliver the radioactive
ions beams (RIB) to six different experimental setups.
The mass of the produced mono-charged Radioactive Ions
Beam is selected using a magnetic dipole in order to select a nucleus before its transmission through electrostatic
devices up to the experimental setups [3]. This paper is
focused on the separator that was built and exploited with
success since 43 years. The separator is located closely to
the exit of the source of RIB production. We propose to
revisit this dipole with a precise field-map calculation and
particles transport simulations. These results will be used
as a first brick for the understanding and reliability of the
transmission along the RIB lines at the ALTO facility.

INTRODUCTION
The IPNO laboratory, created in 1956 at the initiative of
Irène and Frédéric Joliot-Curie, is today at the heart of the
scientific and technical pole of Greater Paris. It is one of
the largest laboratories in the world for research in nuclear physics. Since its foundation, the laboratory focuses on
the knowledge of matter and its ultimate components.
Various and first class accelerator were build and operational at Orsay.
The ALTO facility is powered by a 50MeV/10uA linear
electron accelerator dedicated to the production of radioactive beams (see Fig. 1). The production mode is based
on the photo-fission process of a thick UCx target heated
up to 2000°C and using the ISOL technique. For the ionization at 30keV (60keV in the near future) of the released
fission fragments, three ion source types can be coupled
to the target: a Febiad ion source, a surface ion source,
and a laser ion source. The ISOL technic is commonly
used at various facilities in the world: ISOLDE at CERN,
ISAC at TRIUMF, SPIRAL1 at GANIL, RIKEN in Japan
[4].

____________________________________________

Figure 1: Scheme of the ISOL facility ALTO: 1. 50MeV
Electron LINAC, 2. Target ion source vault, 3. Mass
separator, 4. Transfer lines, 5. and 6. experimental setups
in operation and under construction.
Various radioactive species are produced during the
ISOL process. Prior to transport the ions of interest to the
experimental setups, a magnetic separation must be ensured with a sufficient power. In this paper, we will describe the magnetic studies of the 43 years old separator
using the existing mechanical design and simulation tools.
The dipole plays a key role in the chain of beam transport
of the low energy beam line. Today, experimental beam
tuning is not well optimized and beam transmission is less
than 50%. Therefore, that’s why we plane to produce a
precise and realistic end-to-end beam dynamic calculation
in order to increase significantly the reliability.

DIPOLE DESIGN
The ALTO separator was built in 1975 in collaboration
between IPNO and IPN-Lyon (see Fig. 2). The dipole was
used intensively at different IPNO facilities in order to
ensure separation [5]. The H-dipole is a 65° bending angle, radius to 600mm, gap to 66mm, faces angles to 21.5°
with negligible index n=0.

Figure 2: Top view of the separator magnet (in red) in the
dedicated room. Beam is coming from the top left corner
of the figure.
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STUDY OF FRINGE FIELDS EFFECTS FROM FINAL FOCUS
QUADRUPOLES ON BEAM BASED MEASURED QUANTITIES
T. Pugnat∗ , B. Dalena, CEA, Irfu, DACM, Université Paris-Saclay, F-91191, Gif-sur-Yvette, France
A. Simona, L. Bonaventura, MOX, Politecnico di Milano, Milano, Italy
R. De Maria, V.K. Berglyd Olsen, CERN, 1211 Geneva 23, Switzerland
Abstract
Accelerator physics needs advanced modeling and simulation techniques, in particular for beam stability studies.
A deeper understanding of the eﬀects of magnetic ﬁelds
non-linearities will greatly help in the improvement of future colliders design and performance. In [1] and [2], a
new tracking method was proposed to study the eﬀect of
the longitudinal dependency of the harmonics on the beam
dynamics. In this paper, the study will focus on the eﬀects
on observable quantities in beam based measurements, for
the case of HL-LHC Inner Triplet and with possible tests in
LHC.

extremities (called HE+heads model) as described in Ref. [7].
Random parts of ﬁeld components (multipole kicks) are also
considered in the body of the quadrupole. Finally, to easy
the interpretation of the results in the two High Luminosity
insertions, only the ﬁeld errors of the IT are considered.

INTRODUCTION
In Ref. [1], a new tracking method was presented. It follows the work from Ref. [3] where the magnetic ﬁeld map
or the ﬁeld harmonics are used to compute ﬁrst a representation of the vector potential, which enters in the expression
of the Hamiltonian, after the non-linear transfer map of the
quadrupole is derived using Lie algebra techniques for tracking simulations. A strategy to interface the new map into
SixTrack (Ref. [4]) without modifying its internal structure
was presented, with some tests, in Ref. [2]. The choice of the
integrator’s order, z-step size and vector potential’s gauge is
made in order to optimize tracking accuracy and speed, see
Ref. [5] for more details.
Using the new map and the longitudinal magnetic design
of the prototype of the Inner Triplet (IT) for HL-LHC (see
Fig. 1), this paper studies the impact of a more realistic
description of the magnetic harmonic of IT quadrupoles
on two observables: the Dynamic aperture (DA) and the
amplitude detuning.
The HLLHCV1.0 optics with β∗ =15 cm (Ref. [6]), and
for one conﬁguration (seed 1) of the machine with ﬂat orbit,
is used in all simulations unless otherwise speciﬁed. The
novel method considers non-uniform multipoles distribution
along the quadrupole. The IT heads (Fringe Fields) are
modelled using 8 diﬀerent vector potential ﬁles, according
to the connector side and to the polarity (see Fig. 1), with only
the natural harmonic of the quadrupole (n=2,6,10,14) for
Lie2 ND0 and their derivatives up to order 6 for Lie2 ND6.
The central part (body) of the quadrupoles are modelled
using thin lenses with integrated multipole kicks, which are
computed to keep the total integrated strength for each of
the multipoles constant with respect to the other models.
This novel method is compared with uniformly distributed
multipoles (called HE model) and uniformly distributed multipoles with additional multipole kicks at the quadrupoles’
∗
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Figure 1: Normal harmonics sampled at Δz = 2mm for
the prototype of the IT quadrupole (top). IT powering
scheme (bottom). Courtesy of E. Todesco and S. Izquierdo
Bermudez

AMPLITUDE DETUNING
The amplitude detuning studies simulate the particles’
motion over 103 revolutions purely on the vertical or horizontal plane, with and without the dodecapole correction
(called MCTX). The initial positions are set to be below the
DA value (0<2J≤0.05 μm, as shown in next section with a
normalized emitance of 2.5 μm), and their initial momentum oﬀset δ is 0. As comparison, the maximum measured
amplitude reached in the LHC is of the order of 0.3 μm for
a β∗ of 25 cm (see Ref. [8–10]).
In a preliminary study, a residual 1st -order detuning is
observed in all the the models and planes. Part of it is removed by not considering the multipolar errors in the arcs
and IR2-8. And when all b4 multipole components are canceled, the remaining linear detuning is compatible with the
1st order anharmonicity given by MADX PTC (Ref. [11]) for
the lattice without errors and with the main sextupole. Using
a 4th order polynomial to ﬁt tracking data, the linear coeﬃcient C1 is about 1.8±0.1e-2 μm−1 and 1.75±0.1e-2 μm−1 ,
in the x and y-planes respectively, and is subtracted from
the following results. The choice of the polynomial’s order
for the ﬁt is motivated by using smallest degree for the best
score, and it’s robustness over ﬁtting procedures.
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DEVELOPING BEAM OPTICS FOR THE BESSY VSR PROJECT
F. Andreas∗1 , P. Goslwaski, F. Armborst1 , M. Abo-Bakr
Helmholtz-Zentrum Berlin, Berlin, Germany
1 also student at Humboldt-Universität zu Berlin, Berlin, Germany
Abstract

BII lattice files:

T2

At BESSY II due to the continuously increasing interest in short pulse operation, a major upgrade of the ring
will enable simultaneous storage of long and short bunches.
This Variable pulse-length Storage Ring (VSR) [1] will be
achieved by the installation of additional superconducting
high gradient cavities. The cavities will be assembled into
one cryomodule in one of the straights of the storage ring.
As this module needs more space then initially assumed,
one possible solution is to remove two quadrupoles to gain
available installation length. The quadrupoles were switched
oﬀ in simulations and the lattice was optimized with regard
to the linear order. The best solution found was transferred
to the storage ring, where storage of high current with reasonable injection eﬃciency and lifetime was possible. The
proposed optics has to be further optimized in terms of
nonlinear beam dynamics, but has shown that an available
installation length can be increased.

MOTIVATION

At BESSY II it is possible to operate the machine in two
diﬀerent modes. Most of the time the storage ring is set to
the standard user optics with 15 ps bunch length. During
two weeks of the year the lattice is changed to the low alpha
optics, which provides buckets with 3 ps bunch length. This
can be realized by reducing the momentum compaction factor αc from 7 · 10−4 to 4 · 10−5 . The coherent synchrotron
radiation instability leads to a limiting bursting threshold
current, which scales with αc . To avoid instabile operation
conditions the electron current has to be reduced, leading to
a signiﬁcantly reduced photon ﬂux compared to the standard
optics. Under these conditions high ﬂux user are not able
to run experiments, which is the reason that the low alpha
mode can only be provided for short periods.
Therefore the next major upgrade, BESSY-VSR, aims to
provide short and long pulses in one storage ring simultaneously. This variable pulse-length storage ring can be
achieved due to the installation of additional cavities. Two
1.5 GHz and two 1.75 GHz cavities will be assembled into
one cryomodule in the T2 section of the storage ring (Fig. 1).
As this module needs more space then initially assumed,
one possible solution is to remove two most inner Q5T2
quadrupoles, which would result in an eﬀective gain of 66 cm
installation length. Before the Q5T2 magnets in the storage ring lattice can be removed, the inﬂuence on the beam
dynamics has to be investigated in simulations.
∗
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0.353 m

0.353 m

drift section DK = 4.906 m

drift section DK + 2 quadrupoles Q5 = 5.612 m

Gain: 0.706 m

Vacuum / construction department:

0.271 m
0.330 m

module = 4.120 m

0.271 m

module + vacuumgroup = 4.670 m

0.330 m

module + vacuumgroup + 2 quadrupoles = 5.330 m

Gain: 0.660 m

Figure 1: The cryomodule and the magnets of the T2 section
(dipole-yellow, quadrupole-red, sextupole-green).

THE BESSY II STORAGE RING LATTICE
The Current Standard Lattice
The current double bend achromat lattice of the BESSY II
storage ring, shown in Fig. 2, has alternating high
(quadrupole doublet) and low horizontal beta (quadrupole
triplet) straights. For the 240 m long storage ring this leads
to a 8 fold symmetry with 16 straight sections.
The transfer line for the injection is placed in the D1straight and the cavity is installed in the T8-straight. The
other 14 straight are used for IDs. The doublet sections contain the vertical focusing Q3D and the horizontal focusing
Q4D quadrupole families. The triplet straights include the
additional vertical focusing Q5T quadrupole family, which is
needed to compensate the vertical defocussing of the in comparison to the Q4D quadrupoles stronger Q4T quadrupoles
(necessary to achieve a low horizontal beta function).

Requirements for a New Lattice
The aim is to develop an optics where the turn oﬀ of the
Q5T2 quadrupoles does not eﬀect the other sections and
where the overall changes of the beta functions are kept as
local as possible. Especially in the femto slicing straight D6,
in the EMIL straight T6 and in the injection straight D1 the
Twiss parameter should remain unchanged. Also the tunes
should stay the same when the Q5T2 is turned oﬀ.
Furthermore there are restrictions regarding the BESSYVSR upgrade. As stated in [2, p. 79] the transverse cavity
impedances
Zth⊥ (τd−1 ) =

τd−1 4πE/e
β ωrev IDC

(1)

scale directly with the value of the beta function and could
drive transverse multibunch instabilities. It is assumed that
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NOTES ON LINEAR THEORY OF COUPLED PARTICLE BEAMS
WITH EQUAL EIGENEMITTANCES
V. Balandin∗ and N. Golubeva, DESY, Hamburg, Germany
Abstract

and evolves according to the congruence

We consider some aspects of the linear theory of coupled
particle beams with equal eigenemittances and compare
them with the one dimensional Courant-Snyder theory.

INTRODUCTION AND PRELIMINARIES
The property of the beam matrix to be proportional to the
matrix which is simultaneously symmetric positive definite
and symplectic is the characteristic property of the particle
beams with equal eigenemittances, and the multidimensional
theory of such particle beams can be developed in almost
complete analogy with the famous one dimensional CourantSnyder approach [1]. The purpose of this paper is to present
some additional aspects of the linear theory of coupled particle beams with equal eigenemittances, which, due to space
limitation, were not mentioned in [2].

Beam Matrix and Its Transport
Let us consider a collection of points in 2𝑛-dimensional
phase space (a particle beam) and let, for each particle,
𝑧 = (𝑞, 𝑝)⊤ = (𝑞1 , … , 𝑞𝑛 , 𝑝1 , … , 𝑝𝑛 )⊤

(1)

be a vector of canonical coordinates 𝑞 and momenta 𝑝. Then,
as usual, the beam (covariance) matrix is defined as
Σ
⊤ def
Σ = Σ⊤ = ⟨(𝑧 − ⟨𝑧⟩) ⋅ (𝑧 − ⟨𝑧⟩) ⟩ =
( 𝑞𝑞
Σ𝑝𝑞

Σ𝑞𝑝
) , (2)
Σ𝑝𝑝

where the brackets ⟨ ⋅ ⟩ denote an average over a distribution
of the particles in the beam. By definition, the matrix Σ is
symmetric positive semidefinite and in the following we will
restrict our considerations to the situation when this matrix
is nondegenerated and therefore positive definite.
Let 𝑠 be the independent variable (time or path length
along the design orbit), and let us assume that the particle
dynamics is governed by the linear system of Hamiltonian
equations
(3)

𝑑𝑧 / 𝑑𝑠 = 𝐽𝐻(𝑠) 𝑧,
where

𝐽=(

0 𝐼
),
−𝐼 0

𝐻 = 𝐻⊤ = (

𝐻11
𝐻21

𝐻12
),
𝐻22

(4)

and 𝐼 is the 𝑛 × 𝑛 identity matrix. Then the beam matrix Σ
satisfies the linear differential equations
𝑑Σ / 𝑑𝑠 = 𝐽𝐻Σ − Σ𝐻𝐽
∗
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(5)

Σ(𝑠) = 𝐴(𝑠) Σ(0) 𝐴⊤ (𝑠),

(6)

where the symplectic matrix
𝐴11 𝐴12
) , 𝐴(0) = 𝐼
𝐴21 𝐴22
is the fundamental matrix solution of the Eq. (3).
𝐴=(

(7)

Projected Emittances and Eigenemittances
Projected emittances 𝜀𝑚 are the rms phase space areas
covered by projections of the particle beam onto each coordinate plane (𝑞𝑚 , 𝑝𝑚 ). They can be calculated as follows
𝜀2𝑚 = Σ𝑞𝑞 (𝑚, 𝑚) ⋅ Σ𝑝𝑝 (𝑚, 𝑚) − Σ2𝑞𝑝 (𝑚, 𝑚)

(8)

and are used to characterize transverse and longitudinal beam
dimensions in the laboratory coordinate system (i.e. in the
variables 𝑧). Note that the projected emittances are invariants under linear uncoupled (with respect to the laboratory
coordinate system) symplectic transport.
In order to define concept of eigenemittances, let us consider the matrix Σ𝐽. This matrix is nondegenerated and is
similar to the skew symmetric matrix Σ1/2 𝐽 Σ1/2 , which
means that its spectrum is of the form
±𝑖𝜖1 , … , ±𝑖𝜖𝑛 ,

(9)

where all 𝜖𝑚 > 0 and 𝑖 is the imaginary unit. The quantities
𝜖𝑚 are called eigenemittances and are generalizations of the
projected emittances to the fully coupled case [3].
Eigenemittances are quantities which give beam dimensions in the coordinate frame in which the beam matrix is
uncoupled between degrees of freedom and are invariants
under arbitrary (possibly coupled) linear symplectic transformations.
If the beam matrix is uncoupled already in the laboratory
frame, then the set of projected emittances coincides with
the set of eigenemittances, and if the beam matrix has correlations between different degrees of freedom, then these
two sets are different.
Note that the problem, which conditions two sets of positive real numbers must satisfy in order to be realizable as
eigenemittances and projected emittances of a beam matrix,
was solved for the most practically important two and three
degrees of freedom cases in the paper [4].

BEAM MATRIX WITH EQUAL
EIGENEMITTANCES
Let us assume that the matrix Σ has all eigenemittances
equal to each other and equal to the value 𝜖 > 0. Then the
matrix
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STRAIGHTNESS CORRECTION OF BALLISTIC TRAJECTORIES
V .Balandin∗ , W. Decking, N. Golubeva, and M. Scholz, DESY, Hamburg, Germany
Abstract
We describe procedure for straightness correction of ballistic trajectories in the presence of unknown stray magnetostatic ﬁeld and BPM oﬀsets. We also discuss applicability
of this method to the beam based alignment of the European
XFEL undulators.

In this article we present a new BBA method, which is
based on the procedure of straightness correction of ballistic
trajectories, and brieﬂy discuss applicability of this approach
to the alignment of the European XFEL undulators. Due
to space limitation, we consider only the most basic questions and the more detailed description of the algorithm and,
hopefully, practical alignment results will follow soon.

MOTION IN THE WEAK
MAGNETOSTATIC FIELD

INTRODUCTION
In the framework of this paper, as a beam-based alignment
(BBA) method we understand any procedure which uses as
input beam trajectory measurements and allows to ﬁnd oﬀsets of the beam position monitors (BPMs) with respect
to some straight line of, in general, unknown orientation
in regard to the laboratory coordinate system. Such methods are important in many areas of accelerator applications,
and our particular interest is connected with the problem of
alignment of the European XFEL undulators.
BBA method, which tries to recover unknown BPM and
quadrupole oﬀsets by ﬁtting beam orbits measured for various beam momenta to the known optical model of the beamline, has been established at the LCLS and later on was also
used at the European XFEL and at the PAL-XFEL facilities
[1–3]. The core of this method is an attempt to solve the
ill-conditioned inverse problem and, therefore, in order to
overcome its high sensitivity to the imperfections of the optical model and measurement errors, and nevertheless have
reasonably accurate results, iterations and some regularization procedure are typically required.
Other popular method discussed in the last decades is the
so-called dispersion free steering (DFS) algorithm, which
was invented to deal with the emittance dilution due to chromatic eﬀects [4]. Using DFS methodology one tries to minimize the diﬀerence between orbits measured for diﬀerent
beam energies but for the same transverse initial conditions
by using available actuators (steerers, quadrupole movers
and etc.). Unfortunately, even if the goal of the DFS algorithm will be fulﬁlled and the diﬀerence orbits will be
corrected almost to zero, the straightness of the resulting
trajectories can’t be guaranteed. We mention DFS method
only because, as we will see later on, it is closely related to
the alignment approach suggested in this paper.
In the ﬁeld free region the particle beam automatically
follows a straight line, which is the basis of the so-called
ballistic alignment method [5]. Unfortunately, at the European XFEL, even if we will not only turn oﬀ all undulator quadrupoles but also will degauss them, the uncontrollable ambient magnetic ﬁeld remains still enough large and
nonuniform to prevent direct usage of ballistic trajectories
for the straight line deﬁnition purposes [6].
∗

We describe transverse particle motion in the magnetostatic ﬁeld using a (straight) Cartesian coordinate system
with x, y and z being the horizontal, vertical and longitudinal direction, respectively. We assume that the longitudinal
coordinate z can be introduced as an independent variable
and use a set of variables w = (x, qx , y, qy ) as transverse
particle coordinates. In this set qx and qy are transverse mechanical monenta scaled with the value p0 , which is known
as reference kinetic momentum and is deﬁned via relations

p0 = m0 c γ02 − 1 = β0 E0 / c,
(1)
where m0 , E0 , γ0 , and β0 are the rest mass of the particle,
its energy, its Lorentz factor, and its velocity in terms of the
speed of light c, respectively.
In these variables, the equations describing the transverse
motion of a particle in a static magnetic ﬁeld take on the
form


dx qx
e qy
dqx
= ,
=
Bz − By ,
(2a)
dz
qz
dz
p0 qz


dqy
e
qx
dy qy
= ,
=
Bx − Bz ,
(2b)
dz
qz
dz
p0
qz
where
qz =



1 − qx2 − qy2,

(3)

e is the particle charge, e/p0 is the inverse particle stiﬀness,
and B = (Bx , By , Bz ) is the magnetic ﬁeld.
Let us assume that all strong magnets in the beamline of
interest are turned oﬀ (and even deguassed, if possible) and
therefore the particle motion can be inﬂuenced only by uncontrolled stray magnetostatic ﬁelds and, possibly, by some
weakly excited corrector magnets, which were used to keep
the beam transmission with the main magnets switched oﬀ.
Then the x and y components of the solution of equations
(2) (i.e. ballistic trajectory) can be expressed in the form of
the asymptotic series in powers of a ﬁeld smallness
k
∞ 

e
qx (0)
x(z) = x(0) +
·z+
· Xk [z, w(0)] , (4a)
qz (0)
p0
k=1
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FEEDBACK DESIGN FOR CONTROL OF THE MICRO-BUNCHING
INSTABILITY BASED ON REINFORCEMENT LEARNING
T. Boltz∗ , M. Brosi, E. Bründermann, B. Haerer, P. Kaiser, C. Pohl, P. Schreiber, M. Yan,
T. Asfour, A.-S. Müller
Karlsruhe Institute of Technology, Karlsruhe, Germany

MICRO-BUNCHING INSTABILITY
Self-interaction of short electron bunches with their own
radiation field can have a significant impact on the longitudinal beam dynamics in a storage ring. Above a given
threshold current, this leads to dynamically changing microstructures in the longitudinal charge distribution and thus
to fluctuating CSR emission (illustrated in Fig. 1). This
phenomenon is commonly referred to as micro-bunching or
micro-wave instability. The CSR self-interaction, as its driving force, is conveniently described by the resulting wake
potential
∫ ∞
VCSR (q) =
e
ρ(ω)ZCSR (ω)eiωq dω ,
(1)

(b) fluctuating CSR

(a) micro-bunching
4
2
0
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The operation of ring-based synchrotron light sources
with short electron bunches increases the emission of coherent synchrotron radiation (CSR) in the THz frequency
range. However, the micro-bunching instability resulting
from self-interaction of the bunch with its own radiation
field limits stable operation with constant intensity of CSR
emission to a particular threshold current. Above this threshold, the longitudinal charge distribution and thus the emitted
radiation vary rapidly and continuously. Therefore, a fast
and adaptive feedback system is the appropriate approach to
stabilize the dynamics and to overcome the limitations given
by the instability. In this contribution, we discuss first efforts
towards a longitudinal feedback design that acts on the RF
system of the KIT storage ring KARA (Karlsruhe Research
Accelerator) and aims for stabilization of the emitted THz
radiation. Our approach is based on methods of adaptive control that were developed in the field of reinforcement learning
and have seen great success in other fields of research over
the past decade. We motivate this particular approach and
comment on different aspects of its implementation.

the Vlasov-Fokker-Planck (VFP) solver Inovesa [1], which
has shown great qualitative agreement with measurements
at the KIT storage ring KARA [2].
Previous efforts towards the control of the micro-bunching
instability have mainly been focused on suppression of
the CSR self-interaction by making adjustments to the
impedance budget of the storage ring, e.g, [3, 4]. More
recently, a linear RF feedback has been used to influence
the CSR bursting pattern at SOLEIL [5]. Depending on the
application, the formation of micro-structures on the longitudinal charge distribution can also be desirable as it leads
to the emission of CSR at higher frequencies, reaching up to
the low THz range. Extensive control over the longitudinal
beam dynamics would thus provide the opportunity of optimizing the emitted CSR for each application individually.
Given the nature of the instability, such efforts require a fast
and adaptive feedback in order to deal with the dynamic variation of the CSR wake potential on time scales comparable
to the synchrotron period.

ρ (pC/(σz,0 σE,0 ))

Abstract

energy deviation (σE,0 )

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Figure 1: (a) The CSR self-interaction of the bunch causes
the formation of micro-structures in the longitudinal phase
space density. (b) Their continuous variation leads to fluctuations in the emitted CSR power. The illustrated dynamics
are simulated with the VFP solver Inovesa.

−∞

where q = (z − zs )/σz,0 denotes the generalized longitudinal
position, e
ρ(ω) the Fourier-transformed longitudinal bunch
profile and ZCSR (ω) the CSR-induced impedance of the storage ring. This additional potential acts as a perturbation
to the accelerating RF potential and as such, influences the
temporal evolution of the longitudinal phase space density.
As the charge distribution in phase space varies, so may
the longitudinal bunch profile ρ(q) as its projection, which
in turn causes changes in the CSR wake potential VCSR (q).
This dynamic process can be simulated numerically using
∗
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REINFORCEMENT LEARNING
A detailed introduction to the subject can be found in [6],
on which the following brief description is based.
Reinforcement learning is the computational approach to
goal-directed learning from interaction with an environment.
It is different to other sub-fields in machine learning as its
learning paradigm does not require a pre-existing data set.
Instead, learning takes place in an iterative process based on
the general concept of trial-and-error search.
The learner and decision maker, usually called the agent,
continuously interacts with the environment while seeking to
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PERTURBATION OF SYNCHROTRON MOTION IN THE
MICRO-BUNCHING INSTABILITY
T. Boltz∗ , M. Brosi, E. Bründermann, B. Haerer, P. Schönfeldt† , P. Schreiber, M. Yan,
A.-S. Müller, Karlsruhe Institute of Technology, Karlsruhe, Germany
Abstract
Short electron bunches in a storage ring are subject to complex longitudinal dynamics due to self-interaction with their
own CSR. Above a particular threshold current, this leads
to the formation of dynamically changing micro-structures
within the bunch, generally known as the micro-bunching instability. The longitudinal dynamics of this phenomenon can
be simulated by solving the Vlasov-Fokker-Planck equation,
where the CSR self-interaction can be added as a perturbation to the Hamiltonian. This contribution particularly
focuses on the comprehension of synchrotron motion in
the micro-bunching instability and how it relates to the formation of the occurring micro-structures. Therefore, we
adopt the perspective of a single particle and comment on
its implications for collective motion. We explicitly show
how the shape of the parallel plates CSR wake potential
breaks homogeneity in longitudinal phase space and propose a quadrupole-like mode as potential seeding mechanism of the micro-bunching instability. The gained insights
are verified using the passive particle tracking method of the
Vlasov-Fokker-Planck solver Inovesa.

INTRODUCTION
In order to increase the emission of coherent radiation,
modern synchrotron light sources are deliberately operating with short electron bunches. The KIT storage ring
KARA thus has a dedicated short-bunch mode providing
picosecond-long bunches that result in the emission of coherent synchrotron radiation (CSR) up to the THz frequency
range. Yet, due to self-interaction with its own radiation
field, the increased CSR strength also leads to complex longitudinal dynamics within the electron bunch. At low bunch
currents, the resulting potential well distortion mainly causes
a slight deformation of the still fairly stationary electron distribution. However, above a particular threshold current
Ith depending on the specific machine settings of the accelerator, it leads to the formation of dynamically changing micro-structures within the bunch. As the longitudinal
charge distribution varies over time, this in turn results in major fluctuations of the emitted CSR power and is thus called
micro-bunching or micro-wave instability. The underlying
longitudinal dynamics can be simulated to high qualitative
agreement by numerically solving the Vlasov-Fokker-Planck
equation (VFP) [1–4].
In this contribution, we explicitly focus on the understanding of synchrotron motion below the instability threshold.
To that end, we first consider single particle motion in the ab∗
†
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sence of collective effects, where the system can be modeled
as a simple one-dimensional harmonic oscillator. By introducing CSR self-interaction (considering the wake potential
of the entire bunch) as a perturbation, the dynamics below
the threshold Ith can easily be illustrated in the single particle
picture. Furthermore, we show how the specific shape of
the CSR wake potential breaks homogeneity in longitudinal
phase space and propose a quadrupole-like mode to initially
drive the micro-bunching instability.

VFP EQUATION
The longitudinal dynamics of an electron bunch in a
storage ring are conveniently described in the phase space
spanned by the longitudinal position z and particle energy E.
By introducing the generalized coordinates q  (z − zs )/σz,0
and p  (E − Es )/σE ,0 , the resulting phase space is dimensionless and its origin marks the synchronous particle. Here,
zs and Es denote position and energy of the synchronous
particle, σz,0 the natural bunch length and σE,0 the natural energy spread. The temporal evolution of the electron
distribution ψ(q, p, t) in the longitudinal phase space can be
described by the Vlasov-Fokker-Planck equation (following
the notation in [1])


1 ∂
∂ψ
∂ψ ∂H ∂ψ ∂H ∂ψ
+
−
=
pψ +
, (1)
∂θ
∂p ∂q
∂q ∂p
fs,0 τd ∂p
∂p
with the time given in multiples of nominal synchrotron periods θ = fs,0 t, the Hamiltonian H and the damping time τd .
The inhomogeneous part on the right hand side describes
the influence of radiation damping and diffusion. In the absence of collective effects and assuming linear accelerating
voltage VRF and linear momentum compaction factor αc , the
Hamiltonian is given as
H0 (q, p, t) =


1 2
q + p2 .
2

(2)

The unperturbed system is thus a one-dimensional harmonic
oscillator. Collective effects such as CSR self-interaction
can be included as a perturbation to the Hamiltonian
∫ ∞
Hc (q, p, t) =
Qc Vc (q ′, t)dq ′ ,
(3)
q

where Qc denotes the charge involved in the perturbation
and Vc (q, t) is the potential due to collective effects. In order
to calculate the CSR-induced wake potential, it is useful to
express the potential in terms of an impedance ZCSR (ω)
∫ ∞
VCSR (q, t) =
e
ρ(ω, t)ZCSR (ω)eiωq dω ,
(4)
−∞
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BEAM-BEAM BLOWUP AFTER LOW-EMITTANCE TUNING FOR FCC-ee
D. El Khechen1∗ , K. Oide1,2 , F. Zimmermann1
1 CERN, 1211 Geneva 23, Switzerland
2 High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 300-3256, Japan
Abstract
FCC-ee (Future Circular Collider) is a 100 km electronpositron circular collider with two foreseen experiments,
aiming to run at four energies for precision studies of the
Z, W, and Higgs boson and the top quark. The FCC-ee
is a challenging machine from different points of view. In
particular the beam-beam effects are of great importance.
For the FCC-ee high-luminosity operation, the beam-beam
effects impose profound constraints on the operating point in
betatron tune space. In addition, taking into account different
sources of machine nonlinearities, a tracking simulation
with beam-beam elements revealed a strong beam blowup,
especially in the vertical plane. Such a blowup is a potential
obstacle to achieving and maintaining a high luminosity;
therefore it needs to be carefully studied. In this paper, we
present a general overview of simulation results on the FCCee beam-beam blowup with realistic machine errors.

INTRODUCTION
Beam-beam effects are of great importance for all future
machines which aim at running with high energies and luminosities. It is well known that the ring betatron tunes should
be carefully chosen to avoid beam-beam instabilities, which
may result in transverse beam size blowup thus limiting the
performance of the machine [1].
Beam-beam simulations with beamstrahlung have been
performed for the FCC-ee machine at the initial beam energy for t t¯ running of 175 GeV (the final beam energy in the
t t¯ operation mode is 182.5 GeV [2]), using the parameters
of Table 1. Beam-beam simulations are carried out by a
weak-strong beam-beam model (BBWS) [3] implemented
in SAD [4]. Earlier tracking simulations were performed in
a coupled lattice by introducing vertical random misalignments for all the ring sextupoles so as to achieve the design
coupling value of 0.2%. In these simulations, a vertical emittance blowup was observed, both with and also without the
beam-beam element. Such blowup in the absence of beam
collisions, is predicted to be due to chromatic effects in electron storage rings [5]. In addition, the blowup was observed
to depend on the random-number generator seed used to
misalign the sextupoles [6, 7]. In this paper, we report and
discuss results from beam-beam tracking in a more realistic
t t¯ lattice after optics correction and emittance tuning, and
the effect of a vertical beam-beam offset on the emittance
blowup.
∗
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Table 1: FCC-ee Parameters for Initial tt¯ Operation
(DA: Dynamic Aperture, SR: Synchrotron Radiation, BS:
Beam-strahlung)
FCC-ee-t t̄

Parameter
Beam energy (GeV)
Beam current (A)
Particles/bunch (1011 )
(βx∗ , βy∗ ) (m / mm)
(εx , εy ) (nm / pm)
Transverse tunes (Q x , Q y )
Synchrotron tune νs
Energy acceptance (DA)(%)
Bunch length (SR/BS) (mm)
Energy Spread (SR/BS) (%)
Beam-beam parameter (x / y)
Luminosity/IP (1034 cm−2 s−1 )

175
6.4
2.2
(1, 2)
(1.34, 2.7)
(389.108, 389.175)
0.0818
-2.8 +2.4
(2.01 / 2.62)
(0.144 / 0.186)
(0.097 / 0.128)
1.8

TRACKING IN THE t t̄ LATTICE
Emittance Tuning
The low-emittance tuning for FCC-ee lattices has been
studied thoroughly in the last few years [8–10]. So far, these
studies confirm the possibility of achieving an adequately
low vertical emittance for the t t¯ lattice in the presence of
different quantitative and qualitative machine errors and after performing a series of iterative optics corrections [10].
The machine errors follow a Gaussian distribution, where
quadrupoles (including the final-focus quadrupoles) and sextupoles are misaligned in both horizontal and vertical planes
(RMS=100 µm), and quadrupoles are tilted (RMS=100 µrad).
The optics corrections applied consist of orbit, β beating,
dispersions, coupling, tune, and chromaticity corrections.
So far only a single random generator seed has been considered from among the successful seeds used for the optics
corrections and emittance tuning, in our attempt to study
the characteristics and physical origin of the beam blowup.
Simulations with a larger number of seeds (also including
various errors/corrections combinations) are planned for the
future.

Tracking Without Beam-beam Element
The low-emittance tuning for the chosen seed results in an
invariant vertical equilibrium emittance of 0.08 pm (about
34 times lower than the design value of εy =2.7 pm), as computed by SAD. The vertical dispersion and coupling parameters (R1, R2, R3 and R4) [7] around the ring are presented
in Figs. 1 and 2 respectively.
MC1: Circular and Linear Colliders
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NUMERICAL CALCULATION OF MICRO-BUNCHING IN bERLinPro
DUE TO SPACE CHARGE AND CSR EFFECTS ∗
B. Kuske† , A. Meseck, Helmholtz-Zentrum für Materialien und Energie Berlin, Germany
THEORY & SIMULATION ISSUES

Abstract
bERLinPro is an Energy Recovery Linac Project, currently being set up at the Helmholtz-Zentrum Berlin für
Materialien und Energie, Berlin, Germany. bERLinPro
is a small demonstrator for ERL technology and applications. Due to the low energy of 50 , resp. 32 MeV, space
charge plays a dominant role in the beam dynamics. Microbunching, due to unavoidable shot noise from the cathode in
combination with space charge, is seen in the merger as well
as in the recirculator. Coherent synchrotron radiation (CSR)
can amplify this bunching, as well as micro-bunching can
enhance CSR losses. With the release of OPAL 2.0 in May
2018 [1], for the first time, an open source, highly parallel
tracking code is available, that is capable of numerically
calculating both effects, space charge and CSR, simultaneously. The calculations are compared to earlier results, that
used analytical formulas on tracked, space charge dominated
bunches.

INTRODUCTION
The goal of bERLinPro is the production of high current,
low emittance cw beams, and the demonstration of energy
recovery at unprecedented parameters, [2]. bERLinPro is
based on superconductiv RF (SRF) technology and utilizes
an SRF photon gun, an SRF booster linac with an extraction
energy of 6.6 MeV and an SRF main linac module. Until
the HZB module, designed for a final energy of 50 MeV
is available, a module produced for the MESA project in
Mainz, Germany, will be tested and used for an energy of up
to 32 MeV, [3]. Micro-bunching has been studied earlier for
the 50 MeV bERLinPro optics, [4]. At the time, ASTRA [5],
was used to track up to 1 Mio particles on a 32x32x1024
(x, y, z) grid. Micro-bunching was calculated by taking the
Fourier transform of the resulting macro-particle distribution.
Analytical formulas were then used to calculate the CSR
gain. The studies were confined to the recirculator and took
months of computation time.
OPAL is an open source, parallel processing particle tracking code, developed at PSI. It locates electromagnetic fields
arbitrarily in 3D space and is thus capable of simultaneously
calculating 3D space charge effects, as well as 1D CSR effects. The high degree of parallelization enables the use of
fine grids and many particles without running into computing time limits. The goal of the paper is to confirm the earlier
results with more adequate means and to investigate CSR
and micro-bunching effects also in the low energy injector
part, and for the 32 MeV optics.
∗
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Space charge forces have a strong impact on the current
profile of a bunch. At very low energies, they determine the
bunch dimensions. At higher energies, and on a much finer
scale, they can introduce micro-bunching structures in the
bunch current profile. Unavoidable transverse, as well as
longitudinal shot noise induced by the cathode laser may
be converted by space charge forces to energy modulations.
R56 in the lattice can translate these energy modulation to
amplify or reduce micro-bunching.
The region, where the longitudinal space charge
impedance, LSCI, is large, represents the range of wavelengths, where micro-bunching due to LSC can be expected.
Its amplitude and wavelength both strongly depend on the
bunch radius and energy. Figure. 1 shows the longitudinal
space charge impedance, following [6], for bunches with
different radii and for energies of 32 MeV and 50 MeV.
|Z(λ)| [1/m]

50MeV-0.3mm
1500

50MeV-1mm
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Figure 1: Longitudinal space charge impedance model for
two energies and different radii.
For any phase space distribution, the bunching on specific
wavelengths is determined by the bunching factor, b(λ), defined as the Fourier transform of the longitudinal current
profile of the bunch, Eq.(1). Furthermore, the gain, G(s,λ),
can be defined for parts of the lattice as the ratio between the
bunching factor of a specific wavelength at the end, b f (λ f ),
and the bunching factor at the beginning, b0 (λ0 ), whereby
compression has to be taken into account, [7].
b(λ) =

1
Nec

∫
I(z)e

−i2π z
λ

dz;

G(s, λ) =

|b f (λ f )|
(1)
|b0 (λ0 )|

The choice of the (3D) grid used in the simulation, on
which space charge forces are calculated, will determine the
resolution of the calculations and has to be adjusted to different bunch dimension/energy combinations in the accelerator.
Table 1 lists the different grid choices. All combinations
amount to 221 grid cells. The bunch includes 2.4 Mio macroparticles, which amounts to a sufficiently large number of
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SYMPLECTIC TRACKING FOR THE ROBINSON WIGGLER
J. Li∗ , J. Feikes, T. Mertens,
Y. Petenev, M. Ries, A. Schälicke
Helmholtz-Zentrum Berlin für Materialien und Energie GmbH (HZB), Berlin, Germany
Abstract
A Robinson wiggler (RW) is considered to be installed in
the Metrology Light Source (MLS) to lengthen the bunch
and improve the Touschek lifetime by manipulating the
damping partitions. Symplectic tracking is crucial to study
the impact of the nonlinear field components introduced
by the Robinson wiggler. This paper introduces a tracking
method based on an implicit symplectic integrator to solve
the exact Hamiltonian equations of particle motion in the
wiggler. In addition, a numerical generating function method
is implemented as an approach to realize fast tracking.

INTRODUCTION
The Metrology Light Source (MLS) is an electron storage
ring operated at energies from 50 to 630 MeV for metrology
applications in the THz to extreme UV spectral range [1].
The Robinson wiggler (RW), a transverse gradient wiggler
aiming to control the damping partitions, is considered to
be installed at the MLS due to the user’s high demands for
longer beam lifetime. With the RW in a dispersive straight
section, the longitudinal damping can be to transferred to
the horizontal plane. As a consequence the bunch can be
lengthened and the transverse emittance can be reduced [2].
Using the vertical white noise excitation to keep the transverse beam size unchanged, there is potential to double the
lifetime compared to the present value. However, the Robinson wiggler introduces nonlinear distortions to the beam
dynamics, which should be studied carefully.
The analysis beam dynamics in the storage ring is based
on Hamiltonian mechanics. A specific form for the Hamiltonian in a general set of equations describes the motion for a
particular dynamical system. Particle motion at any position
in the storage ring can be obtained by solving [3]:
δ
qAz
H=
−
−
β0
P0
v
t

2 
2 

qAy 2
1
qAx
1
+ δ − px −
− py −
− 2 2,
β0
P0
P0
β0 γ0
(1)
∂H
dxi
=
,
(2)
ds
∂pi
dpi
∂H
=−
.
ds
∂ xi

(3)

where xi are the coordinates of the particle, pi are the components of the momentum and H is the Hamiltonian.
∗
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In tracking codes the dipoles and the multipoles are usually modeled with the impulse boundary approximation, in
which the magnetic field is assumed to be constant within
the effective boundary of the magnet and zero outside. In
this model, only the longitudinal component of the vector
potential is needed to describe the system. The coordinates
and their conjugate canonical momenta are not mixed in the
Hamiltonian, so the Hamiltonian could be split into driftkick combinations [4].
The magnetic field in a wiggler or undulator is three dimensional, in this case the splitting method fails. There is an
explicit symplectic integrator developed by Wu, Forest and
Robin [5], which requires the Hamiltonian to be expanded
in the paraxial approximation. However, the transverse momenta px and py may reach large values inside the RW due
to the low operation energy of MLS, and the paraxial approximation is not longer appropriate. Consequently we
use a symplectic Runge-Kutta integrator to solve the exact
Hamiltonian equations.
Symplectic Runge-Kutta methods are implicit, and solving algebraic equations at each step inside the wiggler are
computationally expensive. Thus a numerical generating
function method is implemented to realize fast tracking for
nonlinear dynamics studies. The tracking results show that
the Robinson wiggler distorts the nonlinear beam dynamics,
but it will not be an obstacle to operate the MLS with the
RW.

ANALYTICAL REPRESENTATION OF
THE MAGNETIC FIELD IN THE
ROBINSON WIGGLER
The components of vector potential Ax , Ay , Az are needed
to build the Hamiltionian, therefore the analytical representation of the filed is necessary. The vector potential of a
wiggler can be derived from the Halbach expansions of the
field expressed in [3, 5]:
Bx = −

M
,N
Õ

Cmn

m,n

By =

M
,N
Õ

mk x
sin(mk x x)sinh(k y,mn y)sin(nk z z),
k y,mn
(4)

Cmn cos(mk x x)cosh(k y,mn y)sin(nk z z),

(5)

m,n

Bz =

M
,N
Õ
m,n

Cmn

nk z
cos(mk x x)sinh(k y,mn y)cos(nk z z),
k y,mn
(6)
2
k y,mn
= m2 k x2 + n2 k z2
(7)

where k z is the period of the oscillation of the field along the
z axis, defined as the reference trajectory in the Cartesian
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ACHROMATIC ISOCHRONOUS MODE OF THE ESR AT GSI
S. Litvinov, M. Steck, GSI, Darmstadt, Germany
Abstract
The isochronous optics of the ESR is a unique ionoptical setting in which the ring is operated as a Timeof-Flight Mass-Spectrometer and is used for direct mass
measurements of short-lived exotic nuclei [1]. The present
isochronous optics had been performed only making a
negative dispersion in the straight sections of the ESR of
about - 7 m. This negative dispersion makes the injection
into the ESR very complicated and restricts the transmission
of the ions in the ring. Moreover, the non-achromatism of
the ESR brings a supplementary uncorrectable first-order
transverse contribution to the revolution time. In order to
make the ESR achromatic, to improve injection and the
isochronicity a new achromatic isochronous optics has been
calculated.

SIS18

from UNILAC

Production
Target

FRS

INTRODUCTION
The Experimental Storage Ring (ESR) [2] at GSI is the
core instrument for unique physics experiments. The ESR is
operated for accumulation, storage, cooling and deceleration
of heavy ion beams in the energy range from 4-400 MeV/u.
It is a symmetric ring with two arcs and two straight sections
and a circumference of 108.36 meters. The ESR consists of
6 dipole magnets (deflection angle is 60∘ ) and 10 quadrupole
families (20 quadrupoles in total). For the second-order corrections 8 sextupole magnets are installed in the arcs. The
ESR can be operated at a maximum magnetic rigidity of
10 Tm. For reducing transverse and longitudinal emittances
of the stored ion beams, the ESR is equipped with the electron cooler which is installed in one of straight sections of
the ring. In another straight section the internal gas-jet target
and TOF detector are installed (see Fig. 1).
Relativistic fragments of several hundred MeV/u are produced via fragmentation or fission of primary beams coming
from the high-energy heavy-ion synchrotron SIS18 [3], in a
thick (1-8) g/cm2 production targets at the entrance of the
FRagment Separator (FRS) [4]. Secondary beams are separated in flight in the FRS within about 150 ns and are then
injected and stored into the ESR (see Fig. 1). The relative
change of revolution time T due to different mass-to-charge
ratio m/q and velocity 𝜐 of the stored ions circulating in the
ring can be written:
𝛾2
Δ𝑇
1 Δ(𝑚/𝑞)
Δ𝑣
= 2⋅
+ ( 2 − 1) ,
𝑇
(𝑚/𝑞)
𝑣
𝛾𝑡
𝛾𝑡

(1)

where 𝛾 is the relativistic Lorentz factor and 𝛾𝑡 is the transition energy of the ring. If the second term in Eq. (1) becomes
negligible, then the revolution time defines m/q.
To achieve this condition, two complimentary methods are
developed and successfully used in the ESR. In the Schottky Mass Spectrometry (SMS) [5] the velocity spread is
MOPGW022
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ESR
Figure 1: The layout of the high-energy radioactive beam
facility at the present GSI. The stable primary beams are
accelerated by the linear accelerator UNILAC to an energy
of 11.4 MeV/u and then by the synchrotron SIS18 to energies
100-1000 MeV/u. They impinge on a production target at
the FRS and then secondary beams are separated in flight
and injected in the ESR.

reduced in the electron cooler to about 10−7 depending on
the intensity. Thus, the disturbing second term in Eq. (1)
gets eliminated. The revolution frequencies are measured
by Schottky pick-ups installed in the other straight section
of the ESR. The disadvantage of this technique is that the
electron cooling takes at least a few seconds thus limiting
the accessible nuclides.
To measure masses of extreme short-lived exotic nuclei,
which are not accessible with the SMS, a special isochronous
ion-optical setting of the ESR was developed [6, 7]. In the
isochronous mode 𝛾 of the injected ions becomes equal
𝛾𝑡 . Thus, the second term in the right side of Eq. (1) also
gets equal to zero and particles become isochronous. The
revolution time of the circulating ions is measured with a
TOF detector [8]. This detector is equipped with a thin
carbon foil (20 µg/cm2 ) where the secondary electrons are
released at each turn of the circulating ion. These electrons
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AN ALGORITHM FOR AUTOMATED LATTICE DESIGN OF TRANSFER
LINES
S. Reimann∗1,2 , M. Droba1 , O. Meusel1 , H. Podlech1 , 1 IAP, Frankfurt am Main, Germany
2
GSI, Darmstadt, Germany
Abstract
Since the last 20 years, modern heuristic algorithms and
machine learning have been increasingly used for several
purposes in accelerator technology and physics. Since computing power has become less and less of a limiting factor,
these tools have become part of the physicist community’s
standard toolkit [1–5]. This paper describes the construction of an algorithm that can be used to generate an optimised lattice design for transfer lines under the consideration of restrictions that usually limit design options in reality. The developed algorithm has been applied to the existing SIS18 to HADES transfer line in GSI.

n=

G = {µ1, ν1, µ2, ν2, ..., µn, νn }

Beside the necessary instrumentation, transfer lines usually consist of quadrupoles, dipoles, steerer magnets and
buncher cavities. Sometimes the dipole positions are more
or less fixed and therefore boundary conditions for the optimisation. For showing the idea, assumed that the geometry
of the transfer line is given, which means that the number
and position of the dipole magnets, as well as the start and
end point. The goal is, to place 2 types of quadrupoles in between the dipoles such that a given particle distribution will
be guided through the beam line with maximal transmission
and focused on a target. The algorithm has been designed
in such a way that minimizes both the power consumption
and the required number of components.

This is a preprint — the final version is published with IOP

GENOTYPE PARAMETERISATION
Without limiting the generality we assume to have in
stock 2 standard quadrupoles Q a and Q b with associated
lengths La and Lb , where Lb > La . Another assumption is,
that each quadruple type is used for a different area of values
for the normalized integrated field gradient kl = B ′ l/(Bρ).
These areas are distinct and do not overlap.

area 2: (kl)a < |kl| ≤ (kl)b

(2)

In order to be able to use a metaheuristic optimization
method such as a genetic algorithm [6], it is necessary to
find a suitable parameterization for the corresponding problem. The parameters (an array of real numbers) are called
the genes. For this work, the number of genes within a
genome G is 2n. Even genes νi represent the kl value of
quadrupoles and odd genes µi represent the relative distance
between the quadrupoles. All genes are real numbers.

INTRODUCTION

area 1: (kl)0 < |kl| ≤ (kl)a

L
−1
Lb

(1)

(3)

PHENOTYPE CONSTRUCTION
The phenotype of the genome (3) is then constructed in
the following way. For all νi , the constructed element Ei
is either one of the standard quadrupoles or a drift line D,
depending on the value of νi . For quadrupoles, νi is an expression of the kl value.
0 < |νi | ≤ (kl)0 =⇒ Ei = D
(kl)0 < |νi | ≤ (kl)a =⇒ Ei = Q a

(4)

(kl)a < |νi | ≤ (kl)b =⇒ Ei = Q b
In this manner it can be assured, that a quadrupole with
more focusing power is used only, if more focusing power
is really needed. The length of the constructed quadrupole
(li ) is defined by its type (Ei = Q a =⇒ li = La , Ei =
Q b =⇒ li = Lb ) and its strength can be calculated from
ki =

νi
li

(5)

A discontinuity at the transition from Q a to Q b type
quadrupoles can not be avoided, if both types have different lengths. The continuity can only be conserved for the
kl value (Figs. 1, 2).
kl

The simplest transfer line is a straight line and contains
no further elements. Such a transfer line of a given length
L can be divided in n sections of equal length. If we
consider the solution with maximal number of the longest
quadrupoles Q b , in general the number n can not be bigger
than L/Lb . In order to accommodate free space between
the quadrupoles, one quadrupole is left out. Therefore the
number of sections is
∗

(kl)b
(kl)a
(kl)0
0

0

(kl)0
D

Qa

(kl)a

Qb

(kl)b

ν

Figure 1: Dependence of kl on ν value.
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MEASUREMENTS OF THE GSI TRANSFER BEAM LINES ION OPTICS
M. Sapinski∗, O. Geithner, S. Reimann, P. Schuett, M. Vossberg, B. Walasek-Hoehne,
GSI, Darmstadt, Germany
C. Hessler, CERN, Geneva, Switzerland
Abstract
GSI High Energy Beam Transfer lines (HEST) link the
SIS18 synchrotron with two storage rings (Experimental
Storage Ring and Cryring) and six experimental caves. The
recent upgrades to HEST beam instrumentation enables precise measurements of beam properties along the lines and
allow for faster and more precise beams setup on targets.
Preliminary results of some of the measurements performed
during runs in 2018 and 2019 are presented here. The focus
is on response matrix measurements and quadrupole scans
performed on HADES beam line. The errors and future
improvements are discussed.

1st , 2019 with 107 Ag45+ at 1230 MeV/u. In both measurements, the beam was extracted from SIS18 using 3rd order
quadrupolar resonant extraction. Beam position was measured using four MWPCs with 0.5 mm spacing between the
wires. The profiles are taken at a fixed time within the spill
and the location of the beam center is usually calculated as
a mean position of the registered distribution (Fig. 1).

INTRODUCTION
The High Energy Beam Transfer lines (HEST, from German: Hochenergie-Strahlführung) in GSI Helmholtzzentrum (Darmstadt, Germany) is a system of almost 500 meters
of beam lines linking SIS18 synchrotron with experimental
caves and storage rings. In this paper we focus on a beam
line leading to HADES experiment [1], with length of about
160 meters, described in [2].
Most of the beam line is straight however the angle between the axis of the HADES experiment and the axis of
the beam extracted from SIS18 is 15◦ in horizontal plane.
In vertical plane the axis is parallel to the beam axis, but
about 70 cm above it. In order to direct the beam to the
experiment, two 7.5◦ dipoles, at 128 and 143 meters from
the synchrotron extraction point, tilted by ±21.6◦ with respect to the beam axis, are installed. We describe a series
of measurements performed during the engineering run in
2018 and physics run in 2019.

Figure 1: Example of a beam profiles measured with MWPC.

TRAJECTORY RESPONSE MATRIX
The trajectory response matrix (TRM) measurement is
done by registering the change of the beam position in response to a „kick” from the steering magnets. It is a good
method to assess the quality of the beam line optics model
independently of the twiss parameters at the beginning of the
line. Results of the measurements are usually presented in a
form of a matrix, where one dimension designates the steerer
magnets and the other one, the beam position measuring devices like scintillating screens or multi-wire proportional
chambers (MWPC). The elements of the matrix describe
change of beam position in response to a „kick”. In addition
to model verification, the TRM allows for a global correction
of the beam trajectory.
The TRM measurement has been performed on November
27th , 2018, with 40 Ar18+ beam at 300 MeV/u and on April
∗
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Figure 2: Measurement (upper) and modelling (bottom) of
TRM.
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The results of TRM measurement are illustrated in Fig.
2. In general, a good agreement between model and
measurement is observed. The vertical response to a kick
of the dipole GHADMU1 is much larger than the
horizontal one. Differ-ences between model and
measurement are largest on the last grid. This is expected
due to missing alignment data of the last elements. Future
improvements of the model, and more precise TRM
measurements in this area, using additional monitors, are
planned.
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BEAM BREAKUP SIMULATIONS FOR THE MAINZ ENERGY
RECOVERING SUPERCONDUCTING ACCELERATOR MESA∗
C. P. Stoll† , F. Hug, Institut für Kernphysik der JGU Mainz, Germany
Abstract
MESA is a two pass energy recovery linac (ERL) currently
under construction at the Johannes Gutenberg-University
in Mainz. MESA uses four 1.3 GHz TESLA type cavities
with 12.5 MV m−1 of accelerating gradient in two modiﬁed
ELBE type cryomodule with improved thermal connection
of the HOM antennas and cw operation. In the ﬁrst stage of
MESA operation 1 mA of beam current is foreseen, which
will later be upgraded to 10 mA. One potential limit to
maximum beam current in ERLs is the transverse beam
breakup (BBU) instability induced by dipole Higher Order
Modes (HOMs). These modes can be excited by bunches
passing through the cavities oﬀ axis. Following bunches are
then deﬂected by the HOMs, which results in even larger
oﬀsets for recirculated bunches. This feedback can even
lead to beam loss. Simulation results for HOM spectra of a
single TESLA cavity are available for example in [1]. It was
possible to measure the HOM spectra in the cold, not tuned
cavities at DESY and in the cold string tuned to the 1.3 GHz
fundamental mode at Mainz. Results for the maximum beam
current for MESA, limited by BBU, for the various HOM
spectra are presented.

This is a preprint — the final version is published with IOP

MESA
The Mainz Energy-recovering Superconducting Accelerator (MESA) is a small-scale, multi-turn, double-sided
recirculating linac with vertical stacking of the return arcs
currently being built at the Johannes Gutenberg Universität
Mainz [2]. The operation modes planned are a thrice recirculating external beam mode (EB) with 150 μA current
and 155 MeV particle energy for precision measurements
of the weak mixing angle at the P2 Experiment or a twice
recirculating energy recovering mode (ER) with 1 mA and
later 10 mA current at a beam energy of 105 MeV where
100 MeV of beam energy can be recovered from the beam
and fed back into the cavities. A windowless gas target as
part of the MAGIX experiment will enable electron scattering experiments with diﬀerent atoms. An overview of
the MESA facilities is given in Fig. 1. The electron source
(STEAM) provides up to 1 mA of polarized beam at 100 keV.
It is followed by a spin manipulation system containing two
Wien ﬁlters. A chopper system with a collimator and two
buncher cavities prepares the longitudinal phase space of
the bunches for the normal conducting milliampere booster
(MAMBO), which accelerates them to 5 MeV. A 180° injection arc delivers the beam to the ﬁrst cryomodule. De∗
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pending on the operation mode the beam is either twice or
thrice recirculated. This paper focusses on the high current
twice recirculating ERL operation, where the beam passes
each cavity 4 times and is then dumped at 5 MeV in the ERL
beam dump.

Figure 1: Overview of the MESA facilities.

SRF CAVITIES AND CRYOMODULES
For the MESA main accelerator two ELBE-type cryomodules were chosen [3] and modiﬁed for ERL operation [4].
Each module contains two 9-cell superconducting radio frequency (SRF) cavities of the TESLA-type. These cavities
will provide a gradient of 12.5 MeV at Q0 = 1.25 × 1010
while being operated at 1.8 K and 1.3 GHz. A CAD model
of the full cavity string is provided in Fig. 2. Besides the
wanted accelerating π-mode, also unwanted HOMs with
high quality factors exist in the cavity. As the TESLA-type
cavities are elliptical cavities, dipole modes naturally occur
in pairs of two with polarisations separated by approximately
90° and very small diﬀerences in frequency. For a simulation of the threshold current at least two HOMs have to be
present in one cavity.

Figure 2: CAD Model of the MESA cavity string. In the
bottom center the two HF power couplers can be seen, the
four other ports (red circles) are the HOM couplers.
As can be seen in Fig. 2 two HOM ports, which allow for
the measurement of HOMs for each cavity, are present. As
part of the quality control and site acceptance tests the HOM
spectra were measured ﬁrst in the vertical cold test, not yet
tuned to the fundamental mode, and a second time for each
cavity in the fully assembled string in the cold cryomodule
tuned to the 1.3 GHz fundamental mode.
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TRANSFER LINE OPTICS DESIGN USING MACHINE LEARNING
TECHNIQUES∗
D. M. Vilsmeier† , Goethe Universität Frankfurt, Frankfurt, Germany
M. Bai, M. Sapinski, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
Optimization of transfer line optics is essential for delivering high quality beams to the experimental areas. This
type of optimization is usually done by hand and relies on
the experience of operators. The nature of this task is repetitive though highly complex. Besides optimizing the beam
quality at the experiments this task is often accompanied by
secondary objectives or requirements such as keeping the
beam losses below an acceptable threshold. In the past years
Deep Learning algorithms have experienced a rapid development and gave rise to various advanced software implementations which allow for straightforward usage of corresponding
techniques, such as automatic differentiation and gradient
backpropagation. We investigate the applicability and performance of these techniques in the field of transfer line optics
optimization, specifically for the HADES beamline at GSI,
in form of gradient-based differentiable simulators. We test
our setup on results obtained from MADX simulations and
compare our findings to different gradient-free optimization
methods. Successfully employing such methods relieves
operators from the tedious optimization tasks.

INTRODUCTION
HADES beam line is one of the high-energy transfer lines
linking SIS18 synchrotron with experimental areas. This
beamline is about 160 meters long and contains 21 main
quadrupoles and 2 active dipoles. Most of the beamline
is straight while the two 7 degree dipoles towards the end
of the line are used to guide the beam to the experiment.
HADES experiment is very demanding concerning beam
stability and minimization of beam losses. For that purpose
it operates an additional beam quality monitoring system [1]
which includes a start detector right in front of the target and
a veto detector which is located 7 m downstream of the target.
The veto detector is used to verify that the beam doesn’t hit
the vacuum chamber in front of the beam dump which would
create additional background on the detectors. For a detailed
description of the beamline please consider [2].

DIFFERENTIABLE SIMULATOR
The extensive and rapid development of machine learning and specifically deep learning algorithms during the
past years gave rise to various advanced software packages
implementing required techniques such as automatic differentiation [3] and gradient backpropagation [4]. This opens
the possibility for implementing simulations with tractable,
∗
†

Work supported by HGS-HIRe
d.vilsmeier@gsi.de

analytically exact gradients with respect to simulation parameters and hence providing a natural optimization setting.
The usage of such differentiable simulators has become a
recent research interest in various areas of science [5–9].
Typically simulations, and particle tracking in particular,
involve a sequence of well-defined, elementary operations
that are applied in order to transform some initial state. This
eventually leads to the desired output, denoted as final state,
while intermediate states are typically discarded. By tracking all the involved operations and arranging them into a
graph-like structure, where edges represent the data at the
various stages of computation and nodes represent operations on these states, one can trace back how the final state,
as well as any intermediate state, emerged from the preceding operations and their parameters. In case all involved
operations are differentiable as well, one can compute the
gradient of any of the states with respect to the preceding
operations’ parameters using the chain rule in form of the
backpropagation algorithm [4]. In the scope of simulations
the operations hereby represent the simulated system and
are parametrized accordingly. Computing the gradient of
user-defined metrics, e.g. the mean-squared error deviation
between a simulated and measured final state, with respect
to the model’s parameters allows for finding gradient-based
parameter updates that minimize the particular metric. Keeping track of the involved operations as well as performing
the backpropagation of associated gradients is a tedious and
complex task however various deep learning software packages, such as Tensorflow [10] or PyTorch [11], implement
this functionality in a general way (typically used for updating the parameters of neural networks in order to minimize
the deviation of predicted and expected output).
The MADX simulation tool for example can be used to
perform particle tracking in accelerators in order to compute various quantities of interest, such as losses along
a beamline and beam sizes at target locations. Gradientfree optimization procedures can use these results in order
to update their recommendations about optimal parameter
settings. These simulations can also be combined with
gradient-approximating procedures (numerical differentiation) however estimating the gradients requires multiple
forward passes of the data through the simulator and the gradient estimation can be susceptible to limited statistics in the
data. The phase-space evolution in particle tracking along a
beamline (or accelerator lattice in general) is given by a welldefined sequence of operations, given by the solutions to
Hamilton equations, for example in form of transfer matrices
and corresponding matrix products. These operations encode the various parameters of the accelerator and since they
are differentiable they are suitable for usage in an automatic

MC5: Beam Dynamics and EM Fields
D01 Beam Optics - Lattices, Correction Schemes, Transport

MOPGW026
139

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPGW027

DESIGN CONSIDERATIONS FOR PERMANENT MAGNETIC
QUADRUPOLE TRIPLET FOR MATCHING INTO LASER DRIVEN WAKE
FIELD ACCELERATION EXPERIMENT AT SINBAD
S. Yamin†,*, R. W. Assmann†, U. Dorda†, F. Lemery, B. Marchetti†, E. Panofski† P. A. Walker†,
†
DESY, 22607 Hamburg, Germany
*Also at University of Hamburg, 20148, Hamburg, Germany
Abstract
SINBAD (Short and INnovative Bunches and
Accelerators at DESY) facility aims to produce ultrashort
bunches (sub-fs) at ~100 MeV, suitable for injection into
novel accelerators e.g. dielectric Laser acceleration
(DLA) and Laser Driven Wakefield acceleration
(LWFA). The LWFA experiment demands β functions to
be of the order of 1 mm to reduce energy spreads and
emittance growth from nonlinearities. Matching such a
space charge dominated beam to such constraints with
conventional electromagnets is challenging. A Permanent
Magnetic Quadrupole (PMQ) triplet is one promising
focusing strategy. In this paper, we investigate the
performance of a PMQ triplet to fit the requirements of
the electron beam properties in a plasma cell and discuss
the realizable phase spaces for the LWFA experiment
planned at SINBAD.

INTRODUCTION
Laser Wake Field Acceleration (LWFA) offers the
possibility of compact accelerators as a plasma wave
provides accelerating gradients several orders of
magnitude higher than in conventional accelerators and
has made significant progress in the past few years [1-3].
The external injection experiment planned at ARES
(Accelerator Research Experiment at SINBAD) aims to
continue towards stable LWFA by combining the
reproducible
conventional
RF-based
accelerator
technology, with high-power plasma wake field dynamics
[4]. The RF-based technology allows the manipulation of
phase spaces of the electron bunches entering the plasma
hence providing better control and optimization of the
plasma experiment.
SINBAD, acronym for Short Innovative Bunches and
Accelerators at DESY, is a dedicated accelerator R&D
facility currently under construction at DESY for research

and development on ultrashort electron bunches and novel
acceleration techniques [5-7]. The ARES Linac [8] is
based on conventional S-band accelerator technology to
provide ultra-short (FWHM, length <=1 fs-few fs) high
brightness electron beams for injection into novel
accelerators. ARES will support various bunch
compression techniques [9, 10] allowing to produce
beams with different phase space shapes suitable for
injection into novel accelerators. Experimental
preparation is underway for dielectric laser acceleration
(DLA) and studies are being continued for Laser
Wakefield Acceleration (LWFA) [11, 12]. The
conditioning of the 5 MeV RF gun of the ARES is in
progress [13, 14], while the main Linac is planned to be
commissioned in summer 2019. In this paper we present
the design, constraints and numerical studies done for the
Permanent Magnetic Quadrupole (PMQ) triplet for
matching into LWFA with external injection experiment
planned at SINBAD.

REQUIREMENTS OF THE MATCHING
BEAMLINE
ARES Layout
A schematic overview of the ARES Linac with LWFA
acceleration experiment is shown in Fig. 1. ARES Linac
consists of a 5 MeV RF gun followed by two travelling
wave structures, with space reserved for a 3rd travelling
wave structure for a future energy upgrade. This is
followed by a matching section into the magnetic bunch
compressor (BC). The BC compresses the beam to
achieve sub-fs bunches [15, 16]. The BC is followed by a
drift space to account for the laser beamline, diagnostics,
vacuum installation and matching optics for the plasma
cell.

Figure 1: Schematic of ARES Linac with Bunch Compressor and matching section into LWFA

___________________________________________
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STUDY FOR THE ALIGNMENT OF FOCUSING SOLENOID OF ARES RF
GUN AND EFFECT OF MISALIGNMENT OF SOLENOID ON EMITTANCE
OF SPACE CHARGE DOMINATED ELECTRON BEAM
S. Yamin†,*, R. W. Assmann†, B. Marchetti†, †DESY, 22607 Hamburg, Germany
*Also at University of Hamburg, 20148, Hamburg, Germany
Abstract
SINBAD (Short and INnovative Bunches and
Accelerators at DESY) facility will host multiple
experiments relating to ultra-short high brightness beams
and novel experiments with ultra-high gradient. ARES
(Accelerator Research Experiment at SINBAD) Linac is
an S-band photo injector to produce such electron
bunches at around 100 MeV. The Linac will be
commissioned in stages with the first stage corresponding
to gun commissioning. In this paper, we present studies
about the scheme adopted for the alignment of focusing
solenoid for the ARES gun. The method is bench marked
using ASTRA simulations. Moreover the effect of
misalignment of the solenoid on the emittance of space
charge dominated scheme and its compensation is also
discussed.

This is a preprint — the final version is published with IOP

INTRODUCTION
The goal of SINBAD (Short INnovative Bunches and
Accelerators at DESY), a dedicated accelerator R&D
facility at DESY, is to study ultra-fast physics and
perform novel acceleration technique experiments [1-3].
The ARES (Accelerator Research Experiment at
SINBAD) Linac [4] at SINBAD is a conventional S-band
photo-injector providing ultra-short (FWHM, length <=1
fs-few fs) high brightness electron beam for injection into
novel accelerators. ARES also will allow the
manipulation of the beam by different bunch length
compression techniques [5-7]. The 5 MeV RF gun of the
ARES has been tuned and it is presently in the
conditioning phase [8, 9], while the Linac will be
commissioned in autumn 2019. In this paper we discuss
the procedure developed for the alignment of solenoids of
the ARES.
The schematic of the ARES and RF gun details are
shown in Fig. 1. A focusing solenoid (named “Second
Solenoid” in Fig. 1) located at 40.6 cm from the cathode
is used for transverse focusing of electron bunches. The
effect of misalignment of this solenoid on beam
parameters, emittance and beam sizes have already been
studied [10]. The solenoid named “First Solenoid” in
Fig.1 and its bucking coil will be installed later on in
2019 to allow an improvement of the quality of the
electrons. In the Linac part, 4 solenoids for each travelling
wave structure, will allow to optimize the beam quality
while compressing the beam via velocity bunching. The
developed routine will be used to perform beam based
alignment of all these solenoids of ARES.
___________________________________________
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Figure 1: Layout of ARES Linac (on left) and zoom of
the RF gun region (right).

BEAM BASED ALIGNMENT ROUTINE
Solenoid Description
The gun solenoid consists of two coils of equal length.
Each coil can be adjusted to different polarities and hence
allows for better control of the beam [10]. The two coils
have field profiles that overlap with each other. The field
profiles for the plus-plus and minus-plus polarity settings
are shown in Fig. 2. Solenoid is housed on a manual
micro mover system which has resolution of 100 µm in
transverse direction and angular accuracy of
approximately 0.5 mrad. Misalignment error can be in
both transverse and angular planes.

Figure 2: Field profiles for different polarity
combinations of our solenoid.
For a coil with strength "K" and length "L", the
Transfer Matrix for Positive and Negative polarity is
given by Eqs (1) and (2) respectively [11]. Where K is
strength and L is the effective magnetic length of the coil.
Two screens are located downstream the solenoid for
beam profile measurement.
𝑀

𝑀

cos 𝐾𝐿
⎡
⎢
= ⎢ 𝐾 sin 𝐾𝐿 cos 𝐾𝐿
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⎡
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⎢
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PRELIMINARY STUDY OF BUNCH COMPRESSION IN THE HEFEI
LIGHT SOURCE
Wei Li∗ , Zhenghe Bai, Derong Xu, Jigang Wang, Zhouyu Zhao, Wei-min Li
National Synchrotron Radiation Laboratory, USTC, Hefei, China
Abstract
Short electron bunch has interesting applications in the
synchrotron radiation light sources, such as the production
of powerful coherent THz radiation, time resolving spectrum
analysis, etc. In this work, we are interested in acquiring
the short bunch in the storage ring with a small circumference like Hefei Light Source. In this paper, we tried to
approach the short bunch in two separate methods: by increasing the higher harmonic cavity voltage and by reducing
the momentum compaction factor. The preliminary result
and observations are shown and discussed.

INTRODUCTION
Hefei light source (HLS) is a dedicated 2𝑛𝑑 generation
VUV light source, it consists of an 800 MeV electron storage ring, a linac injector, and a beam transfer line. It was
designed and constructed over 30 years ago, and Phase II
upgraded project was carried out 20 years ago. After the
major renovation project started in 2010, a new full energy
injector was implemented and the storage ring magnet lattice was reconstructed with new insertion devices (see in
Table 1) [1], a new higher harmonic cavity was installed [2].

1
2
⎜ 𝑐𝛼𝑐 𝐸𝑇0 ⎞
⎟ 𝜎𝛿
𝜎𝑧 = ⎛
𝜕𝑉
⎝ ∣ 𝜕𝑧 ∣ ⎠

(1)

where 𝛼𝑐 is the momentum compaction factor, 𝐸 is the energy of the stored electron beam, 𝜕𝑉
𝜕𝑧 is the gradient of accelerating electric field, 𝜎𝛿 is the energy dispersion of the
electron beam, which is determined by the equilibrium state
of the synchrotron radiation damping and the quantum excitation. According to this formula, the bunch length can
be compressed in two methods: 1) by increasing the gradient of the longitudinal accelerating electric field, and 2) by
reducing the momentum compaction factor 𝛼𝑐 .
In this paper, we will present our preliminary study of
bunch compression in the HLS. One way is to tune the higher
harmonic cavity (HHC), another is to operate the machine in
a lattice with a very small momentum compaction factor. In
the second method, we designed a lattice with 𝛼𝑐 two order
of magnitude smaller than the nominal operation lattice,
and the bunch length was measured while approaching the
dedicated lattice. The preliminary result and observations
will be shown and discussed.

BUNCH LENGTH MEASUREMENT
Table 1: Main Parameters of Upgraded HLS Storage Ring
Parameter
Energy 𝐸0
Circumferences 𝐶0
Natural Emittance 𝜖𝑛
Beam Intensity
RF frequency 𝑓𝑅𝐹
Tune 𝜈𝑥 /𝜈𝑦
Momentum compaction factor 𝛼𝑐

Value
800 MeV
66.13 m
36 nmrad
300 mA
204 MHz
4.41/3.21
0.0205

The layout of the bunch length measurement system in
the HLS is illustrated in Fig. 1. In this system, the synchrotron radiation is reflected, focused and filtered by the
optical elements, and it is sent to the downstream camera.
The longitudinal distribution of the synchrotron radiation is
captured by the streak camera, and the bunch length can be
calculated. The resolution of this system is about 2 ps [7].

Short electron bunch in the synchrotron radiation light
sources can be used to produce powerful coherent THz radiation due to the superposition of coherent radiation fields of
the electrons inside the bunch [3], when the bunch length is
smaller than the radiation wavelength. Except for the linacbased synchrotron radiation light source, various methods
were developed to produce short electron bunch or short radiation pulse, for example, laser-slicing method, isochronous
storage ring, crab cavity pair technique, etc [4–6].
The bunch length in the storage ring can be calculated:
∗
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Figure 1: Layout of the bunch length measurement system.
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NEW ANALYTICAL DERIVATION OF GROUP VELOCITY IN TW
ACCELERATING STRUCTURES
M. Behtouei1 , B. Spataro, INFN-LNF, Via E. Fermi 40, Frascati, Italy
L. Faillace, Istituto Nazionale di Fisica Nucleare Sezione di Milano, Milan, Italy
M. Migliorati1 , L. Palumbo1 , Istituto Nazionale di Fisica Nucleare (INFN-Roma1), Rome, Italy
1 also at SBAI, Sapienza University, Piazzale Aldo Moro 5, Rome, Italy
Abstract
Ultra high-gradient accelerating structures are needed for
the next generation of compact light sources. In the framework of the Compact Light XLS project, we are studying a
high harmonic traveling-wave accelerating structure operating at a frequency of 35.982 GHz, in order to linearize the
longitudinal space phase. In this paper, we propose a new
analytical approach for the estimation of the group velocity
in the structure and we compare it with numerical electromagnetic simulations that are carried out by using the code
HFSS in the frequency domain.

This is a preprint — the final version is published with IOP

INTRODUCTION
The next generation of linear accelerators require unprecedented accelerating gradients for high energy physics and
compact light sources. One of the main limitations to achieve
ultra-high gradients, today around 100 MV/m [1], is the
RF breakdown rate (BDR) which is defined as the number of breakdowns in the structure per unit time and length.
Recently, an electromagnetic quantity called the modified
Poynting vector has been demonstrated to be the main predictor for the BDR. It is defined as Sc=Re[S]+1/6 Im[S] [2],
where S is the Poynting vector describing the RF power flow
through the traveling wave accelerating structure. As a consequence, the BDR is strictly related to the group velocity
νg which is proportional to S [3, 4]. Therefore, the group velocity represents a crucial parameter to be characterized for
each accelerating cavity [5]. We propose here an innovative
analytical approach to the estimation of the group velocity
which can be used before extensive 3D simulations. Moreover, the scaling laws of the group velocity with frequency
and cavity dimensions are derived analytically, allowing to
make an initial practical and useful choice of the main cavity
parameters in order to design a structure to linearize the
phase space for the CompactLight XLS project [6].

GROUP VELOCITY DERIVATION
We apply the Bethe’s theory [7] to a traveling wave accelerating structure. In Fig. 1 we show one cell with on-axis
coupling through a circular aperture (iris). This theory states
that the aperture is equivalent to electric or/and magnetic
dipole moments. These dipole moments are proportional
to the normal electric and tangential magnetic fields of the
incident wave, respectively. We assume that the iris is small
compared with the wavelength. It can be demonstrated that
there is no magnetic dipole moment for an array of identical

Figure 1: TW cavity shape for the 2π/3 mode. b, a, h and l are
cavity radius, iris aperture radius, iris thickness and 1/3 of the cell
length, respectively.

T M01 -mode iris-loaded cavities and that the electric-dipole
moment can be approximated as P = −2a3 ϵ0 E0 /3 , where
“a" is the aperture radius (see Fig. 1), and E0 is the unperturbed electric field. This electric dipole moment causes a
perturbation and the result of this perturbation is the shift
of the resonant frequency due to the interaction energy of
the dipoles which changes the stored energy of the cavities.
From Slater perturbation theorem and using the definition
of group velocity [8],
νg =

a
dω
= K1 c( )3 sin(ψ)e−αh
dk z
λ

(1)

By considering the operating wavelength of the T M01
mode (λ = 2.61 b, where b is the cavity radius) we obtain,
a
vg = K2 c( )3 sin(ψ)e−αh
b

(2)

where ψ is the phase advance per cell, h is the iris thickness, and K1 and K2, depending on the operating mode and
the cavity geometry, are equal to 33.72 and 1.895, respectively. Replacing α ≈ 2.405 ,a expanding the exponential
function with a Taylor series and considering h = 0.08λ for
a practical periodic accelerating structures, Eqs. (1) and (2)
can be written as,
νg
c

= K1 sin(ψ)[( λa )3 − 0.19( λa )2 + 0.0185( λa )
λ
−0.0012 + 0.000057( )]
a

νg
c

(3)

= K2 sin(ψ)[( ba )3 − 0.502( ba )2 + 0.126( ba )
b
−0.0211 + 0.0026( )]
a

(4)

We observe that the above equations are independent of
the operating frequency and lead to a fast and accurate way
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ANALYSIS AND CORRECTION FOR THE EFFECT OF MULTIPOLES
WITH SKEWED ERRORS ON IP BEAM DYNAMICS IN SuperKEKB
K. Hirosawa∗ , K. Ohmi1 , Y. Funakoshi1 , H. Koiso1 , A. Morita1 , Y. Ohnishi1 ,H. Sugimoto1 , D. Zhou1
SOKENDAI (the Graduate University for Advanced Studies), Tsukuba, Japan
1
also at High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
Abstract
The optics aberration due to machine imperfections, such
as the skew quadrupoles or the misalignment of the sextupoles, can make the beam motion coupled. In the SuperKEKB Phase-II and Phase-III commissioning, these errors were observed and caused the luminosity degradation.
Machine parameters have extremely small beta functions
at interaction point (IP) with large crossing angle collision,
thus serious optics aberrations and complicated instabilities
can be seen in every step of commissioning. In this study,
x-y coupling was picked from the crowd of other issues
and analyzed on the basis of the measurement in Phase-II
commissionig.

INTRODUCTION
SuperKEKB is the asymmetric energy electron positron
collider with the nano-beam scheme. It consists of a 7 GeV
high energy ring (HER) for electrons and a 4 GeV low energy ring (LER) for positrons. The nano-beam scheme is
the new collision system which is the part of crab-waist
collision scheme to reach a very high peak luminosity of
8 × 1035 cm−2 s−1 . The point of the nano-beam scheme is
to consist of low emittance, low beta (design beam size
𝜎∗𝑦 ∼ 50nm), and large crossing angle. To realize design performance, the final focusing quadrupoles system was newly
constructed in interaction region (IR) [1].
In the Phase-II commissioning of SuperKEKB, serious
luminosity degradation was observed and correction and
identifying of optics aberrations were required. The beam
dynamics problem at interaction point (IP) was an obstacle
to the luminosity improvement, thus it is necessary that
analysing the detailed beam condition at IP.
The formula of luminosity with large crossing angle reflected the effective horizontal beam size (𝜎𝑠 << 𝜎𝑥 ) is
ℒ≃
𝑆L ≃

𝑁e+ 𝑁e− 𝑓 𝑁b
𝜙
∗2
2𝜋 sin 2 √𝜎2𝑠+ + 𝜎2𝑠− √𝜎∗2
𝑦+ + 𝜎𝑦−
1
𝜎𝑠
𝜙
√1 + ( 𝜎
tan 2 )
𝑥

𝑆L

(1)
(2)

where 𝑁e+,e− are the particle per bunch, 𝑓 is the revolution
frequency, 𝑁𝑏 is the number of bunch, 𝜙 is the crossing angle,
𝜎 is the beam size, 𝜎∗ is the beam size at IP, and 𝑆𝐿 is the
reduction factor for head-on collision. The most important
factor is the vertical beam size, because other parameters
∗
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are based on accelerator design. Thus, only vertical beam
size is effective for luminosity.
The ratio between vertical and horizontal beam size is
near 1:100, so vertical beam size is much sensitive when it is
coupled with horizontal beam size (so-called x-y coupling).
The transverse motion matrix 𝑀4 can be decoupled by a
similarity transformation
M4 = RM2×2 R−1

(3)

where the block-diagonal 4×4 matrix M2×2 is the well-known
revolution matrix for betatron motion in x and y plane socalled Courant-Snyder matrix and the matrix R is x-y coupling matrix which is defined by [2]
√1 − 𝑑𝑒𝑡(𝑟)𝐼
⎜
R=⎛
𝑟
⎝

−𝑆𝑟 t 𝑆 ⎞
𝑟
⎟, 𝑟 = ( 1
𝑟3
√1 − 𝑑𝑒𝑡(𝑟)𝐼⎠

𝑟2
) (4)
𝑟4

where 𝐼 is Identity matrix of other 2, 𝑆 is the unit symplectic
matrix of order 2. From Eq. 3 and Eq. 4, the geometrical
beam size with arbitrary x-y coupling is written by
𝜎∗2
𝛽

𝜖𝑢
⎛
⎜
0
⎜
=< 𝑥 𝑥⃗ t⃗ >= RB ⎜
⎜
⎜0
⎜
⎝0

⎛√𝛽𝑢,𝑣
⎜
B=⎜
⎜ −𝛼𝑢,𝑣
⎝ √𝛽𝑢,𝑣

0
𝜖𝑢
0
0

0
0
𝜖𝑣
0

0
⎞
0⎟
⎟
⎟ Bt Rt
⎟
0⎟
⎟
𝜖𝑣 ⎠

(5)

0 ⎞
⎟
1 ⎟
⎟
√𝛽𝑢,𝑣 ⎠

(6)

where 𝜖𝑢,𝑣 are emittances on the normal coordinates (𝑢, 𝑣).
This relation is the transformation between the physical (coupled) coordinates (𝑥, 𝑦) and the normal (decoupled) coordinates (𝑢, 𝑣). As there are effective R parameters, practical
beam size at IP 𝜎∗𝑦 (on the physical coordinates) is coupled
with other beam size which is written by
(7)

∗2
∗2
∗2
𝜎∗2
𝑦 ≃ 𝜎𝑣 + 𝑟1 𝜎𝑢 + 𝑟2 𝜎𝑝𝑢

where
is the beam size on normal coordinate for
convenience of representation.
These R parameters has momentum dependence, so there
are difference between the case of on-momentum and offmomentum particle. The practical luminosity estimation
is calculated by using Eq. 1, Eq. 7 and the beam current.
The problem of the luminosity degradation of SuperKEKB
Phase-II was solved by this method to find the cause.
𝜎∗𝑢,𝑝𝑢,𝑣

PROBLEM OF THE LUMINOSITY IN
PHASE-II COMMISSIONING
Though beam conditions such as 𝛽-waist, beam size of
X-ray monitors, emittance ratio, etc. were enough optimized,
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COUPLING IMPEDANCE OF THE COLLIMATOR WITHOUT
RF-SHIELDS AT THE RCS IN J-PARC
Y. Shobuda∗ , K. Okabe, J. Kamiya, and K. Moriya
J-PARC Center, JAEA/KEK, [319-1192] Ibaraki, JAPAN
Abstract
All holes on the chamber walls of synchrotrons should be
filled with the radiofrequency (RF)-shields to suppress coupling impedances that excite beam instabilities. In a synchrotron, titanium nitride (TiN)-coated RF-shields are installed with collimators. If the holes, through which the collimator jaw enters and exits the chamber, are filled with such
RF-shields, the shields may break down as the dynamic coefficient of TiN increases in vacuum. At the Rapid Cycling
Synchrotron (RCS), the RF-shields are eliminated from the
collimator after demonstrating that the effect due to the RFshields is negligible on the impedance at low frequencies.

This is a preprint — the final version is published with IOP

INTRODUCTION
At the RCS in J-PARC [1], the aim is to realize a
megawatt-class beam. A 1-MW beam can be realized at the
RCS by accelerating two bunched beams, each containing
4.15 × 1013 particles per bunch, from 400-MeV to 3-GeV at
a repetition rate of 25 Hz.
To suppress the radioactive residual dose level along the
ring, six collimators are installed in the RCS, and they confine the beam loss area into a specified region. The collimator jaws (blocks) should be adjustable to optimize the beam
loss. Hence, the holes through which the jaws intrude into
the chamber are unavoidable in the collimator. Meanwhile,
suppressing coupling impedances [2] along the ring is crucial to realize the high-intensity beams [3,4]. Therefore, all
holes are plugged in by the RF-shields at the RCS.
The surfaces of collimator blocks and RF-shields are typically coated with TiN to suppress the electron clouds (which
are generated by the collision of beam halo with the blocks)
that cause electron cloud instabilities [5, 6].
Recently, we fabricated a new collimator to replace the
old one that had malfunctioned. Before installation, the performance of the new collimator was thoroughly tested in
vacuum; during the test, the blocks were intruded into and
taken out of the chamber. Finally, the RF-shields filling the
holes broke down.
We discovered that this problem is caused by the enhancement of the dynamic friction coefficient of TiN “in vacuum” [7]. This finding implies that the breakdown of TiNcoated RF-shields used to fill holes could affect all collimators. The simplest solution to eliminate this problem is to
install collimators without RF-shields.
In this paper, we discuss whether this scheme is acceptable for a low-energy machine such as the RCS. First, we
studied the beam impedances of the collimator with RF∗
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shields, and then examined the increase in impedances after
removing the RF-shields.

ESTIMATION OF IMPEDANCE BY
SIMPLE MODELS
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Figure 1: Schematics of the collimators at the RCS.
Figure 1 shows the schematics of the collimator at the
RCS [7]. It consists of a collimation square sandwiched by
taper-1 and taper-2. Here the radii of taper-1 and taper-2
change from end-to-end. The collimation square has a uniform cylindrical chamber with two horizontal and vertical
holes in the beam direction at the different longitudinal locations. Four cylindrical collimator blocks with radii 100 mm
are intruded into the collimation square through the holes.
Each collimator block is connected to the bellows surrounding the upper half of the block. The collimator blocks can be
put in and taken out of the collimation square by compressing or stretching the bellows. Thus, the collimator block
and the bellows form a large coaxial structure in the collimator. In order to prevent the electromagnetic (EM) fields
from being stored in the structure, the holes are typically
plugged in by TiN-coated RF-shields.
The analytical formula for the longitudinal impedance Z L
is known for a cylindrical chamber with radius a instantly
changing to a − h at a location and returning to a after longitudinal length g [8] :


2πa
ωZ0 h2
2 log
+1 ,
(1)
Z L (ω) = j 2
h
2π ca
where j is the imaginary unit; Z0 = 120π [Ω]; ω = 2π f
is the angular frequency; f [Hz] is the frequency; and c
[m/s] is velocity of light. We use this formula to estimate
the impedance of the collimator with RF-shields. Now, the
transverse impedance ZT is approximated as [9]


2πa
Z0 h 2
2cZ L (ω)
= j 2 3 2 log
ZT (ω) ≃
+ 1 , (2)
h
ωa2
π a
referring to the Panofsky-Wenzel theorem [10].
For h = 55 mm and a = 95 mm,
Z L (ω) = j0.0734768 f [MHz],
ZT (ω) = j0.777454,

[Ω],

(3)

[kΩ/m],

(4)

which do not excite instabilities in the RCS under 1-MW
operation.
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STUDIES ON COHERENT MULTI-BUNCH TUNE SHIFTS WITH
DIFFERENT BUNCH SPACING AT THE J-PARC MAIN RING
A. Kobayashi∗ , T. Toyama, Y. Sato, S. Igarashi, T. Shimogawa, Y. Sugiyama, and M. Yoshii
KEK, Ibaraki, Japan
Abstract
At a high-power proton synchrotron, betatron tune shifts
induced by space charge effects cause beam loss which limits
the beam intensity. To achieve further high beam intensity
at the main ring of the Japan Proton Accelerator Research
Complex, precise control of the tune shift is indispensable.
When carrying out multi-bunch measurements, we observed
that the dependence of the tune shift intensity on the number
of bunches follow opposite slope trends for the horizontal
and vertical directions. The dependence of the bunch spacing
was also observed. We report on a simplified tune shift
model reconstruction for understanding the origin of these
phenomena and present a correction of the tune shifts for
reducing beam loss up to 30 %.

Figure 1: Measured tune shifts as a function of the bunch
intensity, horizontal (a) and vertical (b) directions. The
linear fits are also shown.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) is a high frequency proton beam accelerator facility
consisting of a 400 MeV linac [1], a 3 GeV rapid cycling
synchrotron (RCS) [2] and a 30 GeV main ring synchrotron
(MR) [3]. The MR is a synchrotron with three-fold symmetry, having a circumference of 1567.5 m. Up to eight
buckets out of nine can be filled with proton bunches, where
two bunches are injected from the RCS every 40 msec. The
space charge effects are severe during the injection period
for 130 msec, therefore quantitative evaluation of the tune
shifts is necessary as the number of particles in the ring is
increased.

This is a preprint — the final version is published with IOP

MEASUREMENT OF TUNE SHIFTS
Coherent tune shifts were measured by a fast Fourier transform (FFT) analyzing the beam position monitor (BPM)
signals with a strip-line kicker (exciter) [4, 5].
In previous measurements with a single bunch, the horizontal and vertical tune shifts decreased linearly with increasing intensity [6].
To achieve higher beam power operation, we measured the
intensity dependence of the tune shifts with multi-bunches
up to the maximum 8 bunches. The intensities were handled
by changing the proton population per bunch by maintaining
a constant bunching factor [7]. The bunches are injected
from the 1st to the 8th RF bucket in order as a bunch train,
thus the bunch spacing is non-equidistant.
Figure 1 shows the measured tune shift intensity dependence with various number of bunches for the horizontal
(a) and vertical (b) directions. The dots represent measured
∗
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Figure 2: Measured tune shift slopes as a function of the
number of bunches with fitted lines. The sign of the tune
shift slope for horizontal and vertical directions is opposite.

points, and the lines are linear fits. The different colors indicate the number of bunches filled in the ring. The tune shift
behavior was different for the horizontal and vertical directions, and the slopes became gradually larger as the number
of bunches were increased, as shown in Figure 2. The linear
fitted slopes were ∆νx = −0.000271 + 0.000101 × M and
∆νy = −0.000319 − 0.000121 × M for the horizontal and
vertical tune shifts, respectively. Here, M represents the
number of bunches.
The measured tunes plotted in Figure 1 are replotted as
functions of the total intensities in Figure 3. The tune shift
is a dependent on the number of bunches, even for the same
number of circulating protons.
The dependence of the tune shift, which inversely proportional to the bunching factor, was measured with a fixed
intensity, and the results are shown in Figure 4. The bunching factor B f is defined by the ratio of maximum and average
current.
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DYNAMIC VARIATION OF CHROMATICITY FOR BEAM INSTABILITY
MITIGATION IN THE 3-GeV RCS OF J-PARC
P. K. Saha∗ , H. Hotchi, Y. Shobuda, H. Harada, F. Tamura, Y. Watanabe and T. Takayanagi
J-PARC Center, KEK and JAEA, Tokai-mura, Ibaraki, Japan
Abstract

INTRODUCTION
The 3-GeV RCS (Rapid Cycling Synchrotron) at J-PARC
(Japan Proton Accelerator Research Complex) delivers high
intensity proton beams to both MLF (Materials and Life
Science Experimental Facility) and the MR (30-GeV Main
Ring) [1]. In the RCS, the injected 400 MeV protons are
accelerated up to 3 GeV at a repetition rate of 25 Hz and
simultaneously delivered to the MLF and MR. The designed
beam power is 1 MW (8.33×1013 /pulse), but at present the
beam power to the MLF is 500 kW, while it is nearly 750
kW equivalent beam power to the MR. Figure 1 shows a
schematic view of the RCS extraction region and 8 pulse
kicker magnets (KM) used for the fast extraction of two
circulating bunches in a pulse [2]. However, the transverse
impedance of the extraction kicker magnets (KM) are the
most dominant beam instability source in the 3-GeV RCS [3].
The beam instability excited by the transverse horizontal
impedance of the KMs causes the circulating beam centroid
evolution in the transverse horizontal plane.
Figure 2 shows sinusoidal ramping pattern of the B ﬁeld
(B) and the corresponding kinetic energy (T) of the circulating beam. The beam instability due to the KM impedance
occurs at the later half of the acceleration cycle, namely
at relativistic energy rather than the non-relativistic energy.
The space charge eﬀect plays a signiﬁcant role on the beam
instability, which we have detailed studied in theory, simulations and experiments as reported earlier [4–6]. The
hardware measures to reduce the KM impedance itself is
in progress, but it requires detail R&D studies for the real
implementation [7].
In order to mitigate the beam instability, especially for the
MLF beam we have carefully determine the betatron tune
∗
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Figure 1: Schematic view of the RCS extraction area with 8
pulse KMs used for fast beam extraction. The KMs are the
most dominant beam instability sources in the in the RCS.

3
B [T], T [GeV]

To mitigate transverse beam instability caused by the extraction kicker magnets in the 3-GeV RCS (Rapid Cycling
Synchrotron) of J-PARC (Japan Proton Accelerator Research
Complex), we have implemented dynamic variation of chromaticity (ξ) by using bipolar sextupole magnetic ﬁelds. The
method includes a partial ξ correction at lower beam energy
to reduce the chromatic tune spread (Δνchr o. ) required to
minimize the beam loss and the beam emittance, while introducing an excess of ξ at higher beam energy to utilize larger
Δνchr o. to enhance the Landau damping for beam instability
mitigation. We ﬁrst carried out detail numerical simulations
by using ORBIT code for a beam intensity as high as 830 kW,
then established the method by experimental veriﬁcation and
has already been implemented for the RCS operation.
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Figure 2: Sinusoidal B ﬁeld and the corresponding kinetic
energy. The beam instability due to the KM impedance
occurs at relativistic energy.

manipulation during the acceleration cycle in addition to a
minimum or no uses of the Sextupole magnets (SX) to keep
the lattice chromaticity (ξ), especially the horizontal one
with the natural value of −9. However, for the MR beam
which requires to ensure a comparatively smaller enough
transverse emittances as compared to those for the MLF
beam, the beam instability growth rate is signiﬁcantly higher
for the MR beam. The transverse emittances in the RCS
can be controlled pulse-by-pulse by the choice of injection
painting area, the betatron tunes can also be accordingly
manipulate. In this work, we consider further dynamic variation of the SX ﬁeld, so does the ξ to mitigate the beam
instability for the MR beam. The dynamic variation includes
introduction of an excess ξ over its natural value from mid acceleration cycle by reversing the SX ﬁelds. Here we take the
advantages of chromatic tune spread (Δνchro. ) (expressed
by a product of beam momentum spread and the ξ) in two
ways. The beam losses and mostly the emittance growth are
minimized by keeping the beam away from crossing many
resonances due to a smaller Δνchro. is obtained by a smaller
ξ at lower energy [8], while the beam instability is mitigated
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COLLIMATOR’S IMPACT INTO THE TRANSVERSE EMITTANCE
GROWTH AT KEK COMPACT ERL
O. A. Tanaka†, N. Nakamura, T. Obina, Y. Tanimoto, T. Miyajima, M. Shimada,
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
Abstract
In high-intensity particle accelerators, unwanted transverse and longitudinal wakefields arise when the highcharge particle beam passes through the narrow chambers
or locations with small transverse apertures, such as collimator jaws. Transverse wakefields impose a transverse
kicks to the beam, changing its shape, and leading to the
growth of the transverse emittance. Longitudinal wakes
cause the beam energy losses, heating of the narrow
chambers etc. In the present study we investigated the
collimator’s impact to the beam. Thus, we evaluated the
collimator’s wakefields through the CST simulations. We
estimated the corresponding transverse kicks and longitudinal wakes. In the summary simulation results were
cross-checked with correspondent analytical expressions.

Figure 1: A layout of the cERL and its collimators.

INTRODUCTION
The Compact ERL (cERL) at KEK [1] has five collimators (one in the injector section, one in the merger section
and three in the recirculation loop, see Fig. 1) to remove
the beam halo and to localize the beam loss. An operation
at 10 mA average beam current and 1.3 GHz repetition
rate is planned in the near future. The collimator’s wakefields are expected to play an important role, even when
the bunch charge is increased up to 60 pC. Current beam
parameters of the cERL are summarized in the Table 1.
All cERL collimators consist of four cylindrical rods of
7 mm radius made of copper. They could be independently inserted from the top, bottom, left and right sides of the
beam chamber. Collimators COL1 – 3 were designed for
the straight sections, therefore they have a round chamber
50 mm radius made of stainless still. Its schematic is
given at Fig. 2.a. Note that the energy at collimators COL
1 – 2 is 2.9 MeV, while the energy at rest of them is 17.6
MeV. Collimators COL4 – 5 are dedicated to the arc section, thus their chambers are elliptical 70 x 40 mm diameter. Materials used are the same. The detailed scheme can
be found at Fig. 2.b.
In the present study, first, we have estimated transverse
kicks imposed by the collimator’s rods. This calculation is
needed to account for the beam blow up (emittance
growth) associated with collimator’s wake. Then, longitudinal wakes were summarized to obtain the expected
energy losses of the beam passing through the collimator
and its energy spread. Finally, we have evaluated the
same calculations analytically. These results will help us
in the beam study, which is planned during the beam
operation scheduled in June of this year.

Figure 2: A schematic of the collimators with chambers
made of stainless steel and rods made of copper: a. Collimators COL 1 – 3 for the straight sections; b. Collimators
COL 4 – 5 for the arc sections.
Table 1: cERL Electron Beam Parameters
Parameter
Beam energy [MeV]:
Injector
Recirculation loop
Bunch charge [pC]
Repetition rate [GHz]
Bunch length (rms) [ps]
Energy spread [%]
Normalized emittance (rms)
in injector 𝛾𝜖 , 𝛾𝜖 [µm∙rad]

Design

In operation

2.9
18
60
1.3
2
0.088

2.9
17.6
60
1.3
Under tuning
Under tuning

1, 1

Under tuning

___________________________________________

† olga@post.kek.jp.
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INVESTIGATION OF LONGITUDINAL BEAM DYNAMICS WITH
HARMONIC CAVITIES BY USING THE CODE MBTRACK
N. Yamamoto∗ , KEK, Tsukuba, Japan
A. Gamelin and R. Nagaoka, Synchrotron SOLEIL, Gif-sur-Yvette, France
Abstract
The mbtrack code is a multi-bunch tracking code to investigate collective effects in circular accelerators. In the next
generation light sources, the impact of harmonic cavity on
the beam dynamics should be investigated. For this purpose,
we extended the mbtrack code to be able to treat high-Q resonators in a more general manner as the previous versions.
By using this extension, the impact of main/harmonic rf cavities and their parasitic resonant modes can be investigated
with arbitary bunch filling patterns. As a result of benchmarking tests, it is confirmed that well-known instabilities
caused by cavity-impedances, such as AC/DC Robinson and
coupled bunch instabilities could be calculated. In addition,
consistent results for the bunch phase shift and the bunch
length modulation due to transient beam loading were also
obtained in case of the harmonic rf operation with unoccupied buckets.

INTRODUCTION
In diffraction-limited light sources, the study of collective
effects is essential. If harmonic cavities (HCs) are used for
the purpose of mitigating intrabunch scattering, the study
of HC induced instabilities [1, 2] becomes also important.
With HCs, the “flat potential condition” can be achieved,
lengthening the bunch by a factor of ∼ 5. However, the
effective radio-frequency (rf) voltage seen by the beam becomes sensitive to both positions and distributions of all
bunches, as the beam-induced voltage of both HCs and main
accelerating cavities (MCs) contribute.
The impact of HC impedances to collective effects was
recently investigated analytically by M. Venturini [2]. In this
work, the Vlasov equation for the longitudinal phase-space
was linearized by dividing the rf potential into unperturbed
and perturbed parts, where the perturbed part consists only
of HC impedances, with the assumption of a uniform beam
filling. Consequently, coupled bunch instabilities (CBIs),
having coupled bunch modes 0 and 1, driven by the HC
impedance were predicted in ALS-upgrade case.
With the unoccupied buckets in the beam filling, considerable variations of the rf voltage are caused by the transient
beam loading, impacting the beam performance [3]. Here
the use of analytical approaches is difficult. In addition, the
contribution from MC impedances is also of interest for CBI
mode 0 that is AC Robinson instability.
Then we introduced additional computation routines to be
able to treat high-Q resonators driven by beams and external
generators into the mbtrack code (mbtrack) [4]. Using these
∗

naoto.yamamoto@kek.jp

MOPGW039
178

procedures, various operating conditions with arbitrary fillings can be simulated, allowing to investigate CBIs induced
by parasitic resonance modes of installed cavities, AC/DC
Robinson instabilities and beam motions related to HCs.
In this paper, the detail of the code modification is reported after a short introduction of the original mbtrack.
Then well-known instabilities described above were investigated by mbtrack, and compared with analytical results as
benchmarking tests.

MBTRACK CODE
The mbtrack is an extension of the sbtrack code (sbtrack)
to multibunch. The sbtrack is a single bunch tracking code
with wakefields in fully 6-dimensional phases space, developed earlier [5]. Its core module can treat different kinds
of wake functions for short-range wakefields, particularly
those computed numerically with impedance codes via decomposition into a series of fundamental wake functions.
The mbtrack was developed to be able to investigate multibunch stabilities under several typical beam fillings, by preserving internal bunch motions. Each bunch consists generally of a large number of macroparticles, allowing to simulate
both intra- and interbunch motions.
In recent years, a computation procedure to handle HC
beam-induced voltages was introduced to the original mbtrack by adding wakefields induced by all bunches passing
through harmonic cavities by following its complex temporal evolution [4]. This modification allowed simulating
beam motions in bunch lengthening operations with HCs.
However, more realistic beam motions influenced by both
MC and HC impedances could not be simulated since MC
was not treated explicitly as impedance sources but merely
with ideal sine-function voltages in this mbtrack version.

CODE MODIFICATION
MC impedance is also important for beam stability investigations. The perturbation of the MC voltage from the ideal
values, which is mainly caused by beam wakefields, sometimes perturbs the stable motion of the beams. Especially for
the harmonic rf operation, bunch lengthening performances
are strongly affected by the voltage fluctuations of both MCs
and HCs. If the unoccupied buckets exist in the filling, the
periodic voltage fluctuation appears, the so-called transient
beam loading [3]. In this case, beam stability performances
are also considered to be affected because the total rf potential seen by each bunch is modulated.
In order to investigate these effects, we conducted several
modifications as follows to mbtrack;
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BEAM OPTICS DESIGN OF THE SUPERCONDUCTING REGION OF
THE JAEA ADS∗
B. Yee-Rendon† ,Y. Kondo, F. Maekawa, S. Meigo, J. Tamura,
JAEA J-PARC Center, Tokai, Ibaraki 319-1195, Japan
LINAC DESIGN

Abstract
The Japan Atomic Energy Agency (JAEA) is proposing
an Accelerator Driven Subcritical System (ADS) for the
transmutation of the nuclear waste. ADS will consist of a
superconducting CW proton linear accelerator of 30 MW
and a subcritical nuclear reactor core. The main part of the
acceleration will take part in the superconducting region
using five types of radio frequency cavities. The ADS operation demands a high intensity and reliability of the beam.
Therefore, the beam optics design plays a fundamental role
to reduce the beam loss, control emittance growth and beam
halo.

INTRODUCTION

This is a preprint — the final version is published with IOP

The Accelerator Driven Subcritical System (ADS) is a
promising solution to deal with nuclear waste problem. Thus,
the Japan Atomic Energy Agency (JAEA) is designing a
linear accelerator for this purpose [1]. The ADS needs an
accelerator with a beam power of tenths of MW working in
a Continuous Wave (CW) mode. This requirement indicates
that superconducting CW proton linac is the best choice. In
addition, a severe restriction on the duration and the numbers
of beam trips requires an excellent control in the beam loss.
Consequently, it is necessary to develop a beam optics which
allows to operate beams with high stability.
The JAEA CW proton linac will operate with a beam current of 20 mA and a final energy of 1.5 GeV. The linac will
use superconducting cavities to accelerate the beam from
2 MeV to 1.5 GeV, a summary of the cavities is presented in
Table 1 [2, 3].
Table 1: Parameters of the Superconducting Cavities
Cavity
Half Wave Resonator (HWR)

Single Spoke 1 (SSR1)
Single Spoke 2 (SSR2)
5-cell Elliptical 1 (EllipR1)
5-cell Elliptical 2 (EllipR2)

Frequency βg Energy range
[MHz]
[ MeV]
162
324
324
648
648

0.08
0.16
0.43
0.68
0.89

2-10
10-35
35-180
180-500
500-1500

The lattice design and the studies of the beam dynamics
for the superconducting region of the JAEA-ADS were developed using the programs GenLinWin and TRACEWIN [4].
∗
†

One of the main problems for the stable operation of the
high intensity proton linacs is the emittance growth. Thus,
in order to control the emittance growth, the next conditions
were used during the lattice design:
• The phase advance (k) in all the planes is kept lower
than 90 degree to avoid parametric resonances.
• The beam must satisfy the equipartitioning condition,
Tx/y
k x/y ϵnor m,x/y
=
Tz
k z ϵnor m,z

(1)

where T is the rms kinetic energy on the plane, k
is phase advance and ϵnor m is the normalized emittance. This is to prevent emittance exchange between
the planes.
• Smooth envelope (an excellent beam matching between
different cavity sections, especially in the regions where
frequency jump occurred).
Similar requirements were used for other high beam power
machines [5–7]. In addition, the lattice structures were also
inspired by those projects. Table 2 presents a description of
the section layouts using the following notation: C= cavity,
S= solenoid, DQ= doublet quadrupole.
Table 2: Lattice of the Superconducting Sections
Section

HWR SSR1 SSR2 EllipR1 EllipR2

Layout

S-C2 S-C3 DQ-C3 DQ-C5
1.9
3.4
5.5
9.7

S-C
Period length [m] 0.7

Two models were developed to explore different phase
advance law and investigated which configuration was more
suitable in terms of beam reliability, numbers of elements
and linac length. Table 3 shows the summary of the models,
additional magnets were required to do the beam matching,
a solenoid between HWR and SSR1 sections and a doublet
quadrupole between SSR2 and EllipR1 sections, in both
models.
Table 3: Summary of the JAEA-ADS Models
Parameters

Model A

Model B

Phase advance law

k x/y = 0.83k z
0.48
0.4
247
119
381.9

k z = 0.85k x/y
0.36
0.4
248
121
386.6

ϵn,r ms,x/y [π mm mrad]
ϵn,r ms,z [π mm mrad]

Number of cavities
Number of magnets
Linac length [ m]

Work supported by Subvention for ADS development.
byee@post.j-parc.jp
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TRANSVERSE PROFILE SHAPING OF A CHARGED-PARTICLE BEAM
USING MULTIPOLE MAGNETS - FORMATION OF HOLLOW BEAMS Y. Yuri, T. Yuyama, Takasaki Advanced Radiation Research Institute, National Institutes for
Quantum and Radiological Science and Technology, 370-1292 Takasaki, Japan
M. Fukuda, Research Center for Nuclear Physics, Osaka University, 567-0047 Ibaraki, Japan
Abstract
The use of multipole magnets enables us to transform the
transverse profile of a charged-particle beam into various
ones that can never be formed through linear beam optics.
To date, the formation of a large-area beam with a uniform
transverse intensity distribution has been realized using octupole magnets for uniform beam irradiation. Here, we report the first demonstration of the hollow-beam formation
using multipole magnets in a beam transport line. Results
of beam-formation experiments and tracking simulations
are shown. The hollow beam has a steep peak at the edge
of the beam and thus has a high contrast between the edge
peak and the intensity near the beam center.

INTRODUCTION
It is essential to properly manipulate the transverse intensity distribution or irradiation field of a charged-particle
beam extracted from a high-energy accelerator for the utilization of the beam. Various types of magnets and/or other
apparatuses such as collimators and scatterers can be employed to shape a beam profile and irradiate a target sample
according to user demands. Especially, the use of a nonlinear force enables us to shape unique transverse beam profiles that can never be realized through linear beam optics.
A typical example is the formation of a uniform beam using
multipole (mainly, octupole) magnets in a beam transport
line, which has been practically applied to uniform beam
irradiation in several accelerator facilities [1-4].
It should be generally possible to form not only uniform
distributions but also various shapes and distributions by
designing the nonlinear beam optics properly. We have,
therefore, investigated the further feasibility of nonlinear
beam shaping and recently demonstrated the formation of
a hollow transverse profile using octupole and sextupole
magnets in a beam transport line [5]. Here, the hollow
beam can be defined as a beam with a higher intensity in
the peripheral (radially outer) part than that in the central
(inner) part of a transverse beam cross-section, which is
qualitatively different from wobbling irradiation using a
spot beam in that the beam itself has a hollow intensity distribution. In this paper, we report this novel beam-profile
manipulation, and introduce a possible application of the
hollow beam.
Prior to our study, the formation of hollow beams was
investigated with a few methods [6-8]. To the best of our
knowledge, the only method that can be applied to highenergy ion beams is probably the use of a plasma lens, in
which a strong nonlinear magnetic field is generated. A
hollow circular profile of a high-energy (a few 100 MeV/u)
pulsed heavy-ion beam was formed for the study of high
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energy density physics and heavy-ion inertial confinement
fusion [7]. In contrast to the existing methods, our present
method is simple and thus has higher applicability and controllability because the source of the nonlinear force is the
magnetostatic field produced by multipole magnets.

NONLINEAR BEAM OPTICS
When the nonlinear force is applied to the beam, the
phase-space distribution of the beam is distorted. This is
well-known as the filamentation of the phase space [9]. The
present method makes positive use of this phenomenon induced by multipole magnets in a beam transport line. In
fact, the transverse phase-space shape of the beam focused
with octupole magnets can be strongly deformed into an
“S”-shape. Therefore, a distinct edge of the beam is generated. See Refs. [5, 10] for details of the beam behavior under the nonlinear focusing force of octupole magnets.
The beam-formation experiment was conducted at the
azimuthally varying field cyclotron (with a K-number of
110 MeV) of the Takasaki Advanced Radiation Research
Institute, National Institutes for Quantum and Radiological
Science and Technology [11]. Two octupole and two sextupole magnets were installed together with some quadrupole magnets near the end of the high-energy beam
transport line, as shown in Fig. 1. The detailed parameters
of the beam line and multipole magnets are summarized in
Ref. [3]. The ion species chosen for the experiment was a
10-MeV proton (magnetic rigidity of 0.46 Tm).
Figure 1 shows a typical design of the linear beam envelope near the target for hollow-beam formation. The beam
size at the target has been designed to become relatively

Figure 1: Schematic layout of magnets and transverse
beam envelope calculation near the hollow-beam formation target. The root-mean-square (rms) emittance
assumed is 2π mm∙mrad in the horizontal direction and
1π mm∙mrad in the vertical direction. Two sets of sextupole and octupole magnets have been installed beside
the finial quadrupole doublet.
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OFF-ENERGY OFF-AXIS INJECTION WITH PULSED MULTIPOLE MAGNET INTO THE HALS STORAGE RING*
Gangwen Liu, Zhenghe Bai†, Peining Wang, Lin Wang, Weimin Li
National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei, Anhui 230029, China
Abstract
As a future Diffraction-Limited Storage Ring (DLSR) at
NSRL, the Hefei Advanced Light Source (HALS) has been
proposed and has a great progress in the lattice optimization. The nonlinear dynamics is well designed and shows
good performance, which makes it easier for beam injection and gives us more choices to design a more suitable
injection scheme. In this paper, a new off-energy off-axis
pulsed multipole injection scheme is proposed. The off-energy beam is off-axis injected into the acceptance of the
storage ring with one or several pulsed multipole kickers
and meanwhile the stored beam is almost unaffected during
the injection. The injection acceptance of the storage ring
is analyzed and the injection scheme is preliminary designed. A series of tracking simulations are carried out and
the results are presented.

INTRODUCTION
Hefei Advanced Light Source (HALS) [1] which is proposed by NSRL is a new VUV and soft X-ray diffractionlimited storage ring-based light source. In order to achieve
world-class performance, the lattice of the storage ring is
continuously designed and optimized with many newly developed design concepts in recent years, such as locally
symmetric MBA [2] and interleaved dispersion bumps
MBA [3]. Recently a well-designed 30×7BA lattice was
determined as the base-line lattice version for the HALS
storage ring [4]. This lattice achieved a very low natural
emittance of 24.7 pm·rad at an electron beam energy of 2.4
GeV with longitudinal gradient bends and anti-bends employed. The main designed parameters of the HALS storage ring are shown in Table 1.
Table 1: Main Parameters of the HALS Storage Ring
Parameters

Values

Beam energy [GeV]

2.4

Circumference [m]

672

Number of cells

30

Natural emittance [pm·rad]

24.7
5.0×10-5

Momentum compaction factor
Natural chromaticities
Transverse tunes

-96.5/-110.3
71.296/23.296

___________________________________________

* Work supported by the National Key Research and Development Program of China (2016YFA0402000) and the Fundamental Research Funds
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In order to achieve such small natural emittance, many
high gradient quadrupoles and strong chromaticity correction sextupoles are employed in the lattice design, which
may seriously restrict the physical and dynamic aperture of
the storage ring. Consequently, the conventional off-axis
injection schemes that require sufficient physical and dynamic aperture are proved impossible to realize the beam
injection for DLSR. To overcome the expected difficulties
and limitations of DLSR, new on-axis injections have
therefore been proposed and developed in recent years,
such as swap-out injection scheme [5] and longitudinal injection scheme [6].
With the swap-out injection scheme, the stored bunches
are completely swapped with the injection bunches, either
bunch by bunch or with bunch trains, when beam current
decreases below a top-up injection threshold. The required
dynamic aperture is smallest in this scheme which can
simply overcome the dynamic aperture limitation of DLSR.
The technical requirement of the short pulsed kicker is not
challenging when the swapping-out is performed bunchtrain by bunch-train. But an accumulator ring is needed to
prepare the injection beam which will significantly increase the complexity of the injection system and the construction costs.
The longitudinal injection scheme is another on-axis injection scheme where the off-energy injection beam can be
transversely on-axis injected onto the corresponding offenergy closed orbit between two stored bunches by a
pulsed dipole kicker. This injection scheme requires a
small dynamic aperture whereas the momentum aperture
should be large enough to realize the accumulation of the
injected beam. In addition, to make sure the injection is
fully transparent to the stored beam, the dipole kicker must
be shorter than the bunch spacing, less than 10 ns even for
the 100 MHz RF cavity, which is a major challenge for the
technology of the pulsed dipole kicker.
Thanks to the well-designed lattice of the HALS storage
ring, the dynamic aperture is more than 300 beam size and
the momentum aperture is about 6% at the long straight
section. Furthermore, off-momentum dynamic apertures
are also rather good. Consequently, a new off-energy offaxis pulsed multipole injection scheme that do not require
complex injection systems and very difficult kicker technology is designed for the HALS storage ring.

OFF-ENERGY OFF-AXIS INJECTION
Multipole kicker injection (MKI) scheme is an off-axis
injection scheme very suitable for top-up injection. The injection beam is directly off-axis injected into the acceptance of the storage ring with a single multipole kicker,
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A FAST METHOD FOR MULTI-OBJECTIVE NONLINEAR DYNAMICS
OPTIMIZATION OF A STORAGE RING
Jiajie Tan, Zhenghe Bai*, Penghui Yang, Weimin Li, Lin Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Abstract
Multi-objective evolutionary algorithms (MOEAs), including multi-objective genetic algorithm and particle
swarm optimization algorithm, have been widely applied
in the nonlinear dynamics optimization of storage ring light
sources. In the optimization, the direct tracking of objectives, which are, for example, dynamic aperture (DA) and
momentum aperture, is very time-consuming. We noticed
that there is some positive correlation between on- and offmomentum nonlinear dynamics performances, which can
be used to reduce the computation time when applying
MOEAs. In this paper, a fast method is proposed, in which
a strategy is introduced to speed up the process of optimizing nonlinear dynamics using MOEAs. Taking the SSRF
storage ring as an example, on- and off-momentum DAs
are optimized using MOEAs with and without the fast
strategy, and then a comparison is made to demonstrate the
fast method.

illustrate the two methods. And we compared the methods
and discussed their relative merits.

FAST METHOD FOR DA OPTIMIZATION
A common optimization strategy to optimize DA with
MOEAs is choosing two objective functions representing
DA areas of on- and off-momentum particles:
𝑓

S δ

0 ,𝑓

S δ

3%

S δ

3% /2, (1)

where S δ is the DA area of the momentum deviation δ.

INTRODUCTION
Dynamic aperture (DA) is one of the key nonlinear properties in storage ring design. Large on-momentum DA
helps the injection, while off-momentum DAs affect
Touschek lifetime. In precise DA calculation, direct tracking method is often used. However, calculating DA by
tracking is time-consuming. Generally, calculating nonlinear properties costs a disproportionate amount of time
compared to linear properties, which make it inefficient to
optimize both linear and nonlinear properties simultaneously.
As a fast and flexible method, multi-objective evolutionary algorithms (MOEAs) have been widely used in DA optimization [1, 2]. MOEAs give out a global vision of solutions, but the diversity of solutions is not so meaningful in
some cases. For example, when selecting candidates with
good nonlinear performance after preliminary linear design, large amount of candidates need to be filtered. Efficiency is more important than solution diversity. By observing the DA optimization objective space, we noticed
an interesting characteristic of solution distribution. This
characteristic can be used to develop a fast optimization
method which is more suitable for the physical background.
In this paper, we applied two different methods to DA
optimization. One is a normal multi-objective particle
swarm optimization (MOPSO), and the other is a classical
particle swarm optimization which maximize the weighted
sum of objective function values. The Shanghai Synchrotron Radiation Facility (SSRF) was taken as an example to
___________________________________________
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Figure 1: The objective space of DA optimization: area of
on-momentum DA and average area of off-momentum DA
(δ
3%).
We found a characteristic of solution distribution in
many cases of DA optimization [1, 2]. Unlike optimization
for two independent objective functions, the Pareto optimal
solutions of DA optimization always only contain a very
small part of solutions. For example, in Fig. 1, the Pareto
optimal solutions only consist of 4 solutions on the upper
right of figure. The edge of the points in the figure is similar to a right angle. In DA optimization, both on- and offmomentum DAs are important. It is obviously that a solution on the side of the angle, which has bad on-momentum
DA and good off-momentum DA, is always worse than another solution on the corner which has better on-momentum DA and similar off-momentum DA. It is the same to
those solutions with good off-momentum DA and bad onmomentum DA. We inferred there is a positive correlation
between on- and off-momentum DA areas to a certain extent. The relevance of the two objective functions can explain the reason of the solution distribution and it can be
used to improve optimization method.
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PROTON BEAM STEERING FOR THE EXPERIMENTAL MUON SOURCE
AT CSNS*
Y. K. Chen†1, H. T. Jing1, J. Y. Tang1, G. Zhao, Y. P. Song1, C. Meng,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
1
also at Dongguan Neutron Science Center, Dongguan, China
Abstract
Experimental Muon Source (EMuS) is a muon source to
be built at China Spallation Neutron Source (CSNS). The
EMuS baseline design adopts a stand-alone target sitting in
capture superconducting solenoids, and the muon beam is
extracted in the forward direction. In the same time the
spent protons are also extracted from the target station and
guided to an external beam dump. Because there is an angle
of 15 degrees between the axis of solenoids and the proton
direction, the protons will be deviated by the solenoids
field. A pair of correction magnets in front of the solenoids
is used to align the incoming proton beam to the target and
also guide the spent protons to the beam dump. As the
target station is design to work at different field level, this
increases the complexity of the proton beam transport.

Experimental Muon Source (EMuS) is located in a
dedicated high energy proton application area, together
with different proton beam endstations, as showed in
Figure 1. And it shares 5% of the total proton beam power,
with a repetition rate of 2.5 Hz. The EMuS baseline design
adopts a stand-alone conical target of about 250 mm in
length sitting in a capture superconducting solenoids, and
the muon beam is extracted in the forward direction. With
this target design and a proton beam power of 25 kW, the
surface muon intensity can achieve about 5105 /s at each
of the three SR spectrometers with a polarization of about
74%. And the decay muon intensity for 45 and 150 MeV/c
can achieve 4105 /s and 5.9106 /s respectively, with
polarization of 81% and 82%

PROTONS DEFLECTED BY THE
SOLENOID FIELDS AND PROTON BEAM
STEERING DESIGN
Influence of Solenoid Fields to the Proton Beam
The protons impacting on the muon target located in the
solenoids. And there is an angle of 15 degrees between the
axis of solenoids and the proton direction in horizontal
plane, in order to separate the outgoing spent protons from
the muon beam and also enhance the surface muon capture.
The layout of the target station is showed in Figure 2.

Figure 1: General layout of the High Energy
Proton Application Area.

INTRODUCTION

Figure 2: Layout of target station.

Muon spin rotation/relaxation/resonance (μSR) is a very
useful technique, complementary to NMR and neutron
scattering techniques [1]. China Spallation Neutron Source
(CSNS) is a newly completed multidisciplinary research
facility, located in Dongguan, Guangdong [2]. The proton
energy is 1.6 GeV, and the design beam power is 100 kW
in Phase I, and will be upgraded to 500 kW in Phase II [3].
To take full advantage of the powerful proton beam, CSNS
plans to add a muon source in Phase II [4]. The so-called

With the above layout, both the incoming and spent
protons will be deflected by the solenoid fields. The motion
of the protons can be decomposed into two parts, one is
parallel and the other is perpendicular to the field line as
showed in Figure 3. The motion of parallel part will not be
influenced by the magnet field, but the perpendicular one
will move around the field line. So the protons will make
precessional motion around the field line in the solenoids.
When the protons leave the solenoids, they will have
vertical motion, which will make them deviating from their
original direction. And the motion in horizontal direction

___________________________________________
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ANALYSIS AND SIMULATION OF THE "AFTER-PULSE" RF
BREAKDOWN
Xiancai Lin 1,2 , Hao Zha1,2 , Jiaru Shi1,2∗ , Huaibi Chen1,2 , Xiaowei Wu3 , Zening Liu1,2
1 Department of Engineering Physics, Tsinghua University, Beijing 100084, PR China
2 Key Laboratory of Particle and Radiation Imaging of Ministry of Education, Tsinghua University,
Beijing 100084, PR China
3 CERN, Geneva, Switzerland
Abstract
During the high power experiment of a single-cell
standing-wave accelerating structure, it was observed that
many RF breakdowns happen when the ﬁeld inside cavity
is decaying after the input rf pulse is oﬀ. The distribution
of breakdown timing shows a peak at the moment of RF
power switches oﬀ. A series of simulation was performed
to study the after-pulse breakdown eﬀect in such a standingwave structure. A method of calculating poynting vector
over time is proposed in this article to study the modiﬁed
poynting vector at critical points in the cavity. Field simulation and thermal calculation were also carried out to analyse
possible reasons for the after-pulse breakdown eﬀect.

INTRODUCTION

RF breakdown is one of the main limitation to achieve high
gradient accelerating structures [1], however, its mechanism
still haven’t been fully understood over decades of research.
During this period, several physical parameters that aﬀect
breakdown rate (BDR) have been studied and proposed as a
guidance for the design and optimization of high gradient
structures, such as frequency, electric ﬁeld, pulse heating, rf
power and modiﬁed Poynting vector [2] .
Recent years, a series of accelerator structures fabricated
at Tsinghua University were high-gradient tested at the New
X-band Test Facility (Nextef) in High Energy Accelerator
Research Organization(KEK). The breakdown timing inside
a pulse (which is the time delay between the beginning of
the rf pulse and the breakdown, as shown in Fig. 1 (a)) of
these structures is analysed. Among these results, it was
observed in one of the structures, THU-REF1 , with diﬀerent
pulse duration time, that the breakdown timing distribution
has a peak after the input rf power is oﬀ, which is called
after-pulse breakdown eﬀect, as shown in Fig. 1 (b)-(d).
Basic parameters of the test environment are listed in Table
1 [1].
The BDR is supposed to have a positive correlation with
the electric ﬁeld, which contradicts with this phenomenon.
Possible reasons to explain this include:
• After RF power switches oﬀ, the abrupt change of input
power gives rise to higher order mode, which causes
the breakdown.
∗
1

shij@tsinghua.edu.cn
THU-REF is a standing-wave structure built in Tsinghua University served
as a reference cavity for choke mode accelerating structures

MOPGW047
196

Figure 1: Detected signal and breakdown timing distribution.
(a) Typical breakdown signal. t is the breakdown timing. (bd) Breakdown timing distribution in THU-REF with 200 ns,
300 ns and 400 ns pulse width.

Table 1: Test Environment of REF in Nextef
Parameter
Frequency
Peak Power
Pulse Duration
Total Pulse Number
Breakdown Event Number

Value
11.424 GHz
15 MW
200/300/400 ns
1.21 × 108
1267

• There is a large power ﬂow out of the cavity when RF
power is oﬀ, which makes the modiﬁed Poynting vector
turn large.
• The accumulation of heat produced by RF pulse lead
to the breakdown.
A series of simulation was performed based on these
assumption to study the after-pulse breakdown eﬀect, as will
be illustrated in the next chapter.
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DESIGN STUDY OF AN ELECTRON STORAGE RING FOR THE FUTURE
PLAN OF HIROSHIMA SYNCHROTRON RADIATION CENTER
S. Matsuba†, K. Shimada, M. Katoh,
Hiroshima Synchrotron Radiation Center Hiroshima University, Higashi-Hiroshima, Japan
K. Kawase, National Institute for Quantum Science and Technology, Tokai, Japan
K. Harada, High Energy Accelerator Research Organization, Tsukuba, Japan
Abstract
We present the latest result from the design study for the
future plan of Hiroshima synchrotron radiation center
(HSRC). The design goal is the energy of around 500 MeV,
the circumference shorter than 50 m and the emittance
smaller than 10 nm with straight sections for undulators
more than 4. We have selected the lattice structure similar
to ASTRID 2 compact light source in Aarhus University,
Denmark.

INTRODUCTION
The HSRC in Hiroshima University was established in
1996 to promote advanced materials science using synchrotron radiation as well as to develop human resources.
HSRC has a compact racetrack-type light source nicknamed ‘HiSOR’ [1]. The energy is 700 MeV. It has 2.7T
normal conducting bending magnets which provide synchrotron radiation covering from VUV to X-rays. It has
two straight sections for undulators to provide higher
brightness VUV. With these unique features, the ring has
been operated stably for more than 20 years. However, in
these years, there are increasing demands for higher brightness synchrotron light. Since HiSOR has a large emittance
of 400 nm and only two undulators, some upgrade plans
have been considered. Initially, an accelerator based on
MAX III storage ring at Lund University, Sweden was
planned [2]. Next, torus knot type synchrotron radiation
ring that the beam orbit closes after multiple turns around
the ring was designed [3]. Recently, considering the current
situation surrounding the facility, we start designing a new
lattice structure referring to a compact and low emittance
light source, ASTRID2 [4-5]. It is based on rather standard
lattice and hardware design, and it seems to be suitable for
a small facility in a university.
The accelerator is designed to have an emittance of
smaller than 10 nm, a circumference of less than 50 m to
be accommodated in the site, an energy of 500 MeV, and
with three long and short straight sections for insertion devices and others. In this report, we present latest results
from a lattice design, such as a structure of the storage ring,
betatron functions, the tune survey results and Touschek
lifetime and intrabeam scattering effect calculated by SAD
code [6], as well as the spectra of synchrotron radiation
calculated by SPECTRA [7].

LAYOUT OF STORAGE RING AND
LATTICE PARAMETERS
Figure 1 shows the layout of the storage ring. The storage ring has a hexagonal shape with long and short straight
sections. Circumference of this ring is 49.5 m and natural
emittance is 9.4 nm in assumed operation condition. Long
straight sections are 5 m to be capable of installing two undulators in tandem for advanced light source technologies
[8]. Short straight sections are 2.2 m for installation of injection system, RF cavity and in-vacuum undulators. The
main parameters of storage ring are shown in Table 1.
The betatron functions and a dispersion function for one
third of the storage ring are shown in the Figure 2. The dispersion of straight sections is zero. The unit cells consist of
two dipoles with defocusing combined function, four quadrupoles and three sextupoles.

Figure 1: Schematic layout of HiSOR-II storage ring.
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DIFFUSION MAP ANALYSIS IN HIGH ENERGY STORAGE RING BASED
e+/e- COLLIDER
J. Wu†, Y. Zhang, Q. Qin
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
University of Chinese Academy of Sciences, Beijing, China
Abstract
In a very high energy e+/e- storage ring collider, e.g.
Circular Electron Positron Collider (CEPC), the dynamic
aperture is limited by the strong synchrotron radiation
especially in the vertical direction. Some tracking results
also shows that the beam lifetime does not correspond well
to the dynamic aperture. Here we develop a method called
diffusion map analysis, aiming to describe the beam
distribution diffusion in transverse amplitude space by
tracking less turns. The diffusion may come from quantum
fluctuation of SR, beamstrahlung effect and nonlinearity.
Comparing cases with different configuration of
sextupoles, the diffusion map analysis presents good
consistency with beam lifetime that needs much more turns
of tracking. Constraints based on the diffusion map is
applied to our dynamic aperture optimization, which could
help us achieve enough long beam lifetime.

INTRODUCTION
CEPC is a circular 𝑒 𝑒 collider located in a 100-km
circumference underground tunnel. Its centre-of-mass
energy is 240 GeV, and at that collision energy will serve
as a Higgs factory, generating more than one million Higgs
particles. The main parameters for Higgs of CEPC are
listed in Table 1 [1].
Table 1: Main Parameters of CEPC in CDR
12 0
Beam Energy GeV
Circumference km
100
Synchrotron radiation
1.73
loss/turn GeV
Luminosity/IP
3
𝟏𝟎𝟑𝟒 𝒄𝒎 𝟐 𝒔 𝟏
Number of IPs
2
Momentum compaction
1.11
factor 𝟏𝟎 𝟓
Energy acceptance %
2.06
Emittance x/y nm
1.21/0.0024
Bunch length mm
4.4
𝛃 function at IP m
0.36/0.0015
Beam-beam parameter
0.018/0.109

synchrotron radiation decrease the dynamic aperture,
particularly in the vertical direction. This difference mainly
comes from the radiation in the final focus quadrupoles in
the interaction region. The results of dynamic aperture
influenced by the effect of synchrotron radiation are shown
in Fig 1. The SAD code [2] is used to do the optics
calculation and dynamic aperture tracking.

Figure 1: DA with damping/radiation off (left) and DA
with damping/radiation fluctuation (right).
In this paper, we first present the inconsistency between
dynamic aperture and beam lifetime. Then a method called
diffusion map analysis is introduced to describe the beam
distribution diffusion in amplitude space, which shows a
close connection to beam lifetime. In the optimization of
dynamic aperture, adding the constraints of diffusion rate
can result in less large-amplitude particles in equilibrium
distribution, as well as a longer lifetime.

BEAM LIFETIME
Beam lifetime is very critical for the feasibility of the
collider. For a Gaussian distribution in phase space, the
distribution of action J is
𝑒𝑥𝑝 𝐽/𝜖 , with
𝑓 𝐽 𝑑𝐽 1 (1)
𝑓 𝐽
Lifetime near the boundary A is defined as [3, 4]
𝜏≡
𝑒𝑥𝑝
/

(2)

Here 𝜏 is the synchrotron radiation damping time.
Through statistical analysis in the equilibrium with
tracking data of many turns, we can get the distribution
𝑓 𝐴 to calculate the lifetime that contains the effects of
radiation excitation, beamstrahlung and nonlinearity.
In some tracking results, beam lifetime does not
correspond well to the dynamic aperture. (Fig.2)
A shorter lifetime means more large-amplitude particles
exist in equilibrium distribution 𝑓 𝐴 , which is a nonGaussian distribution.

At this energy, strong synchrotron radiation causes
strong radiation damping which enlarges the dynamic
aperture to some extent, especially for off-momentum
particles. However, quantum fluctuations in the
†
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THE STUDY OF SINGLE-BUNCH INSTABILITIES IN THE RAMPING
PROCESS IN THE HEPS BOOSTER∗
Haisheng Xu† , Yuemei Peng, Na Wang
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
The booster of High Energy Photon Source (HEPS) is proposed to ramp the beam energy from 500 MeV to 6 GeV, and
to deliver the required charge to the storage ring. However,
the transverse single-bunch instability may limit the reachable bunch charge in the booster. The study of the transverse
single-bunch instability has been carried out for the HEPS
booster at both 500 MeV and 6 GeV to double check whether
the required single-bunch charge can be achieved. Furthermore, the energy ramping process was recently included in
the study. We concentrate in the analyses of the simulation
results with the consideration of energy ramping process in
this paper.

INTRODUCTION
High Energy Photon Source (HEPS) [1] is a 6 GeV storage
ring based synchrotron light source which is under design.
The on-axis swap-out injection scheme is presently chosen
as the baseline. One of the challenges for the booster when
implementing the swap-out injection scheme is the collective instabilities in the booster, mainly because this scheme
requires full-charge bunches from the injector. The requirement of the full-charge bunches is especially diﬃcult if the
high single-bunch charge is needed in the storage ring.
For the storage ring of HEPS, two operation modes, named
"high-brightness mode" (680 bunches, 200 mA) and "highbunch-charge mode" (63 bunches, 200 mA), are currently
proposed. Therefore, about 14.4 nC/bunch is needed in
the above mentioned high-bunch-charge mode (200 mA, 63
bunches). If we assume that the injection eﬃciency from
the HEPS booster to the storage ring can reach about 90%,
and no particle loss will happen in the energy ramping process, about 16 nC/bunch is expected to be ramped in the
booster. However, our previous studies [2, 3] show that
the capture and ramping such a high-charge bunch in the
HEPS booster is extremely challenging, especially at the
injection energy (500 MeV) of the booster. Therefore, a
"high-energy accumulation" scheme was proposed to avoid
the request of ramping a high-charge bunch directly from
low energy. More detailed information about the proposal
of "high-energy accumulation" scheme can be found in [4].
Even though the "high-energy accumulation" scheme can
relax the requirement of single-bunch charge for the HEPS
booster, systematic studies of the collective instabilities in
∗
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the booster are still necessary. The previous studies showed
that the no particle loss or increase of energy spread appear
at both 500 MeV and 6 GeV in the booster, even when the
single-bunch charge achieves as high as 25 nC [2], where
four continuous bunches from the LINAC were injected
into the same bucket of the booster. However, we would
like to carry out more systematic studies of the microwave
instability with consideration of energy ramping. Moreover,
for studying the eﬀects of the transverse impedance under
more realistic conditions, we would also like to include the
energy ramping process in our tracking simulations of the
transverse single-bunch instability. elegant code [5] and its
parallel version Pelegant code [6] are used in our studies.
The rest of the paper will be organized as follows: Firstly,
we present the basic information of the conditions of our
calculations, such as, the main parameters of the lattice, the
energy ramping curve, the impedance model. Afterwards,
we present the tracking simulations of longitudinal and transverse single-bunch instabilities under the above mentioned
conditions, respectively. Discussions will be given at the
end of this paper.

LATTICE AND BASIC INFORMATION
There have been several versions of the lattices for the
HEPS booster. In this section, we present the main parameters of the baseline lattice in the preliminary design stage, the
corresponding impedance model, and the energy ramping
curve. The information presented in this section will be the
conditions used in the rest of the paper.

Lattice Parameters
Table 1 gives the main parameters of the booster lattice.
More information can be found in [7].

Ramping Curve
The period of one booster ramping cycle is designed as
1 s. In the present design, the peak RF voltage ramps from
2 MV to 8 MV linearly in 400 ms in each cycle. To preserve the capability of multi-bunch operation in the booster,
a 200 ms ﬂat bottom and a 200 ms ﬂat top are proposed for
injecting bunches into the booster at 500 MeV and extracting
the bunches at 6 GeV, respectively. The above mentioned
ramping curve of the peak RF voltage is shown by the blue
curve in Figure 1. The corresponding energy ramping process is expressed by the Lorentz factor variation curve in
red color in the same ﬁgure. However, for the single-bunch
operation mode of the booster, we believe that the bunch
energy can be ramped immediately after injected into the
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RESIDUAL GAS LIFETIME IN HIGH ENERGY PHOTON SOURCE (HEPS)
S.K. Tian†, H.S. Xu, Key Laboratory of Particle Acceleration Physics and Technology, Institute of
High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
From the formula (1) can see, the elastic gas scattering
lifetime depends on residual gas composition and the
storage ring’s acceptance. For a residual gas composition
of 80% H2 and 20%CO, the elastic gas scattering lifetime
of the High Energy Photon Source(HEPS) [3] is about 300
hours for 1 nTorr pressure with the dynamic aperture as
show in Figure 1.

4.5
4
3.5
3

y(mm)

High vacuum has always been mandatory in particle accelerators. This is especially true for circular machines,
where the beam makes thousands or millions turns, and
beam lifetime is heavily affected by the residual gas scattering. At the beginning of storage ring operation the lifetime was very short mostly dominated by residual gas scattering. The residual gas lifetime is comprised of the elastic
and inelastic scattering on electrons and elastic and inelastic scattering on nuclei. One usually calculates only the
elastic scattering on nuclei (single Coulomb scattering) and
inelastic scattering on nuclei (bremsstrahlung) of the residual gas scattering lifetime component. The analytic calculation the residual gas scattering lifetime and simulations
of the beam interaction with the residual gas with code will
be shown in this presentation.

2.5
2
1.5

INTRODUCTION

1

The beam loss in electron storage rings depends to a
large extent on the interaction of the beam with heavier residual gas molecules due to bremsstrahlung and Coulomb
scattering. During the initial commissioning severe limitations on the achievable beam current were observed due to
large pressure rises and very short beam lifetime.
When electrons collide with extra nuclear electrons and
nuclei of the residual gas, they may undergo a momentum
change, which might exceed the RF momentum acceptance
or, the electrons experience an angular deflection which induces a betatron oscillation which may also exceed the aperture limited by the vacuum chamber or dynamic aperture.
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Figure 1: Dynamic aperture at injection point.
Considering the magnetic field error and misalignment
effect on the dynamic aperture, 200 random error seeds
were used for dynamic aperture tracking at injection point
as show in Figure 2 and the results of elastic gas scattering
lifetime are shown in Figure 3. Take the tenth-lowest set as
the reference standard, the elastic gas scattering lifetime
with error effects is about 180 hours.

ELASTIC GAS SCATTERING LIFETIME

4
bare lattice

Due to the elastic scattering of electrons with the residual
gas atoms, the electrons get deflected and the amplitude of
betatron oscillation increases. If the amplitude of betatron
oscillation is more than the dynamic aperture or physical
aperture of the vacuum chamber the storage ring, electrons
get lost. The residual gas lifetime due to elastic scattering
of the stored electrons with the nuclei of residual gas atoms
τu,el is[1][2] :
 2

(1)
2π re2 cN A
βu
1
τ u , el [ s ]

=

Rγ

2

Au [m⋅ rad]T

∑  Z ∑ α P [ Pa ] 

atom , j



j

ij i

gas , j



where re is the classical electron radius (2.8 × 10−15 m), c is
the speed of light, NA is the Avogadro’s number, Z is the
atomic number of the residual gas species, γ is the relativistic factor of the electrons in the stored beam, βu is the beta
function at the limiting aperture and Au the limiting aperture, P is the pressure in the vacuum chamber,R = 8.314
J/(K*mol) is the universal gas constant, α is partial fraction
of the residual gas components .

error lattice
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Figure 2: Dynamic aperture of injection point with errors.
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STUDY ON SPHERICAL ABERRATION CORRECTION OF SOLENOID
LENS IN ULTRAFAST ELECTRON DIFFRACTION
T. Yang, J. J. Li, Y. F. Song, K. J. Fan†
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, Huazhong
University of Science and Technology, Wuhan, China
Abstract
High electron beam quality is required in Ultrafast Electron Diffraction (UED) to achieve high spatial resolution.
However, aberrations mainly induced by solenoid lens will
deteriorate the beam quality and limit the resolution.
Spherical aberration introduces the largest distortion which
is unavoidable in the case of static cylindrically symmetric
electromagnetic fields on the basis of Scherzer’s theorem.
In order to reduce the spherical aberrations, different models have been designed which are composed of three symmetrical lens and one asymmetrical lens. We obtain the
magnetic field distribution and calculate the aberration of
each model by OPERA, and the result is that the solenoid
without poles has the minimum aberration and meets the
design requirement best.

INTRODUCTION
Ultrafast Electron Diffraction (UED) is the primary tool
for material science, chemistry, physics, biology and industry with nanometer and sub picosecond resolution. The
electron beam is accelerated to 3 MeV in microwave electron gun. After passing through the solenoid lens, the electron beam diffracts on the sample and finally produces the
diffraction pattern on the fluorescent screen. By analyzing
the diffraction pattern, the information of the material microstructure with atomic resolution can be obtained.
Solenoid magnetic lenses are usually used for transverse
focusing of electron beams, but the aberration inevitably
exists, which leads to the emittance growth and degrades
performance in the system. In this paper, the beam emittance growth caused by aberration is theoretically derived
and four models including three symmetric lens and one
asymmetric lens are designed guided by this theory. We obtain the magnetic field distribution and calculate the aberration of each model by OPERA, and the result is that the
solenoid without iron yokes has the minimum aberration
and meets the design requirement best.

EMITTANCE GROWTH CAUSED BY
ABERRATION
Magnetic Field Distribution of Solenoid Lens
Axisymmetric magnetic field generated by electrified
coils can be used for focusing electron beams. The magnetic lenses with and without ferromagnetic material outside the coil are called electromagnetic and ironless magnetic lens respectively [1]. The magnetic field distribution
of the electromagnetic lens is more concentrated, and the

focusing ability is stronger when the current is the same as
shown in Fig. 1. The distribution of magnetic field is related to the shape of the yoke and poles, which determines
the aberration. All the magnetic lenses discussed in this paper are electromagnetic lenses.

Figure 1: Magnetic field distribution on the axis with and
without yoke.

Emittance Growth Caused by Lens Aberration
The magnetic field in a solenoid lens is axisymmetric. In
cylindrical coordinates, the magnetic vector can be expanded in series to
A ( r , z ) =

where � is the magnetic induction on the axis.
According to = � × , we have
1 '
1 '''

3
 Br ( r , z ) = − 2 B ( z ) + 16 B ( z ) r − 

1
 B z ( r , z ) = B ( z ) − B '' ( z ) r 2 + 
4


(1)

(2)

The Gauss trajectory equation of electrons in the paraxial approximation of an axisymmetric magnetic field is
r '' = −

e
B 2 ( z )r
8mV

(3)

where � is the mass of electrons, � is the potential representing the kinetic energy of electrons.
Assume � = �/8��, combining formulas (2) and (3),
preserving small quantities of three or less times in the
equation
r '' = − K [ B 2 ( z ) r −

B ( z ) ''
B ( z ) r 3 + ]
2

(4)

Under the approximation of thin lens, when the electron
passing through the magnetic lens we can approximately
assume that the radius remains constant, only the slope
changes abruptly. Therefore, the slope changes caused by
the nonlinear term can be expressed as
 3r ' =

Kr 3
2

 B ( z ) B ( z )dz
''

(5)

When the nonlinear term is not considered，the focal
length is expressed as [2]

____________________________________________
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TOWARDS A SEXTUPOLE-FREE ELECTRON STORAGE RING*
Tae-Yeon Lee†, Taekyun Ha, Pohang Accelerator Laboratory, Pohang, Korea
Abstract
This paper studies if it is possible to build an electron
storage ring with no or a small number of sextupole magnets. If it is possible, the electron storage ring will be
greatly simplified. For the purpose, two methods are presented in the paper to handle head-tail instability: One is to
use dielectric vacuum chamber made of such materials as
ceramic or glass to reduce broadband impedance significantly. Then head-tail instability would be extremely weak.
The other method is to install a bunch-by-bunch feedback
system to suppress the already weak head-tail instability
due to the dielectric vacuum chamber.

INTRODUCTION
The role of sextupole magnets in the magnet lattice of a
storage ring (circular accelerator in general) is just to suppress the head-tail instability by resetting the ring chromaticity from a negative number to a number slightly positive.
However, sextupole magnets give the unwanted effect of
reducing the ring dynamic aperture in this process of chromaticity correction. In the case that the negative natural
chromaticity is too large (negatively) and so the chromaticity correcting sextupole magnets are required to be too
strong, the dynamic aperture would so small (or even zero)
that injection into the ring may be impossible or extremely
difficult. This difficulty is usually met, in the light source
community, particularly at the recent 4th generation synchrotron radiation facilities that pursue diffraction limited
level low electron beam emittance by installing a number
of quadrupole magnets to achieve low beam emittance.
That is why this paper focuses on electron storage rings.
Natural chromaticity values of these storage rings are negatively large (around −50 or lower). This tough condition
of extremely small or zero dynamic aperture may be improved to some extent by deploying additional sets of (harmonic correction) sextupole magnets to enlarge the dynamic aperture. But, this method has limitations.
It was proposed previously that sextupole magnets may
not be installed at all or in a smaller number than required
for chromaticity correction and the head-tail instability occurring due to negative chromaticity can be suppressed by
bunch-by-bunch transverse feedback (TF) [1]. Advantages
obtainable from this scheme were also explained, in the
same paper, including large dynamic aperture, small ring
circumference and easy injection into storage ring [1].
However, the paper did not give detailed evidence showing
this scheme is really possible. Below, this paper shows subsequent results of the idea developed after [1] including the
idea of scaled bunch length as a parameter to determine
when bunch-by-bunch TF is applicable and high chromaticity effect that is relevant to the recently constructed 4th
___________________________________________

* Work supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF-2016R1D1A1B03933884).
† email address: tylee@postech.ac.kr.

generation light sources. Particularly, this paper proposes
to use glass as the vacuum chamber material to create negligibly small broadband impedance that is responsible for
head-tail instability. This would make head-tail instability
extremely weak and this weak instability would be suppressed by TF system.

SUPPRESSION OF HEAD-TAIL INSTABILITY BY TRANVERSE FEEDBACK
This section explores the idea of suppressing head-tail
instability by using TF.

Bunch-by-bunch Transverse Feedback
Bunch-by-bunch TF hits the centroid of each electron
bunch. Therefore, only the lowest rigid body dipole oscillations (𝑙 = 0 mode) of head-tail instability can be damped
by the conventinal bunch-by-bunch TF. According to the
simple two particle model [2], electron bunches execute
rigid body dipole oscillations with negative chromaticity,
regardless of other parameters, and so head-tail instability
can always be suppressed by bunch-by-bunch TF. However, simulation study shows that this is not always true [3],
and the experiment performed at DIAMOND may seem
confirm the simulation [4]. In this regard, it was argued that
the electron bunch length scaled with respect to the broadband impedance causing head-tail instability is an important parameter determining whether or not bunch-bybunch TF is applicable [5]. The parameter is defined as 𝑥 =
𝜔 𝜎 /𝑄 , where 𝜎 is the bunch length measured in time,
and 𝜔 and 𝑄 are the impedance resonance frequency and
quality factor, respectively. If 𝑥 is short enough (smaller
than around 0.4), the bunch oscillations may be considered
to be dipole mode enough. If 𝑥 is far above 0.4, the oscillations are considered to be of higher longitudinal modes
(𝑙 = 1... modes) (Fig. 1). These oscillations need more sophisticated feedback system for damping.

Figure 1: This figure shows longitudinal modes of headtail instability. 𝑙 = 0 is the dipole mode and 𝑙 = 1, 2 are
next higher modes.

Head-tail Transverse Feedback
Higher modes of the head-tail instability can be suppressed by wide band intra-bunch that is technically difficult at the moment. But the next higher mode (𝑙 = 1 mode)
can be suppressed by head-tail TF system that hits the head
and tail of an electron bunch separately (head-tail kick) as
in Fig. 2. In the figure, the kick of the usual bunch-by-
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DYNAMIC APERTURE LIMITATION IN e+ e− COLLIDERS
DUE TO SYNCHROTRON RADIATION IN QUADRUPOLES
A. Bogomyagkov∗ , E. Levichev , S. Sinyatkin , S. Glukhov,
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia
Abstract
In a lepton storage ring of very high energy (e.g. in the
e+ e− Higgs factory) synchrotron radiation from quadrupoles
constrains transverse dynamic aperture even in the absence
of any magnetic nonlinearities. This was observed in tracking for LEP [1] and the Future Circular e+ e− Collider (FCCee) [2]. Synchrotron radiation in the quadrupoles modulates
the particle energy at the double betatron frequency. Energy
modulation varies transverse focusing strength at the same
frequency and creates a parametric resonance of the betatron
oscillations with unusual properties [3]. It occurs at arbitrary betatron frequency and the magnitude of the parameter
modulation of the betatron oscillation depends on the oscillation amplitude. Equilibrium between the radiation damping
and the resonant excitation gives the boundary of the stable
motion. Here we continue comparison of tracking results
with analytical calculations of the parametric resonance.

INTRODUCTION
Two future electron-positron colliders FCC-ee
(CERN) [4] and CEPC (IHEP, China) [5] are now
under development to carry experiments in the centerof-mass energy range from 90 GeV to 350 GeV. In these
projects strong synchrotron radiation from ﬁnal focus
quadrupoles reduces dynamic aperture.
K. Oide demonstrated FCC-ee transverse dynamic aperture reduction due to radiation from quadrupoles [2] with
SAD accelerator design code [6].
We crosschecked the simulation made by Oide using
MAD-X PTC [7] and the homemade software TracKing
[8] including SR from quadrupoles and found good agreement between all three codes. The reasons of particles loss
in horizontal and vertical planes are diﬀerent by nature [3].
Radiation from quadrupoles at large horizontal amplitude
shifts the synchronous phase, induces large synchrotron oscillation, excites strong synchro-betatron resonances and,
ﬁnally, moves the horizontal tune toward the integer resonance (due to the nonlinear chromatic and geometrical aberrations) according to the mechanism described by J. Jowett
and K. Oide.
The energy loss from radiation in quadrupoles for the
vertical plane is substantially smaller than for the horizontal
plane and does not provide large displacement of the synchronous phase and synchrotron oscillation (Tables 1–3).
Instead, we observed that increase of the vertical betatron oscillation amplitude modiﬁes the vertical damping until, and
at some threshold, the damping changes to rising and the particle gets lost. This new eﬀect is a parametric resonance in
∗

oscillations with friction; radiation from quadrupoles modulates the particle energy at the double betatron frequency;
therefore, quadrupole focusing strength also varies at the
doubled betatron frequency creating the resonant condition.
However, due to friction, resonance develops only if oscillation amplitude is larger than a certain value. The remarkable
property of this resonance is that it occurs at any betatron
tune (not exactly at half-integer) and hence can be labeled
as “self-inducing parametric resonance”.

PARAMETERS VALUES AND
OBSERVATIONS FROM TRACKING
For the FCC-ee lattice “FCCee_z_202_nosol_13.seq” at
45 GeV, Figure 1 shows dynamic aperture obtained by
MADX PTC [7] tracking with synchrotron radiation from
all magnetic elements and without, and obtained by homemade software (TracKing [8]) tracking with synchrotron
radiation from dipoles only and with radiation from dipoles
and quadrupoles. The observation point is interaction point
(IP).
Inclusion of synchrotron radiation in quadrupoles into
tracking software decreases dynamic aperture as follows:
• vertical direction from Ry = 142σy to Ry = 57σy ,
• horizontal direction from Rx = 109σx to Rx = 65σx .
FCC-ee lattice has two IPs and Table 1 gives the parameters relevant to our study.
Table 2 lists total synchrotron radiation energy loss from
diﬀerent type of magnets (dipoles, ﬁnal focus quadrupoles
QFF, focusing and defocusing arc quadrupoles QF and
QD). For particles with vertical amplitude energy loss in
ﬁnal focus (FF) quadrupoles dominates the loss in the arc
quadrupoles. For particles with horizontal amplitude energy losses in FF and in the arc quadrupoles are comparable
and signiﬁcantly larger than for vertical amplitudes. Table 3 shows the shift of synchronous point and amplitude

Table 1: FCC-ee Lattice Parameters
E0 [Gev]
45.6
tunes: νx /νy /νs
269.14/267.22/0.0413
damping times:
τx /τy /τσ [turns]
2600/2600/1300
IP: βx /βy [m]
0.15/0.001
εx /εy [m]
2.7 × 10−10 /9.6 × 10−13
IP: σx /σy [m]
6.3 × 10−6 /3.1 × 10−8
σδ
3.8 × 10−4
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CHERENKOV RADIATION AT OFF-AXIS BUNCH PASSAGE THROUGH
DIELECTRIC CONCENTRATOR∗
S. N. Galyamin† , A. V. Tyukhtin, V. V. Vorobev
St. Petersburg State University, 7/9 Universitetskays nab., St. Petersburg, 199034 Russia
Abstract
Here we procceed with investigation of all-dielectric target which concentrate Cherenkov radiation (CR) near the
predetermined focus and increase the field up to several
orders of magnitude, so called “concentrator for CR”. We
consider a non-symmetrical case where charge trajectory has
a shift with respect to structure axis. We develop analytical
approach for CR investigation and present typical numerical
results.

INTRODUCTION
Today several modern trends based on beam-dielectric
interaction exist in accelerator physics. One should mention
dielectric wakefield acceleration technique which is now operating with Terahertz (THz) wakefields [1] and has demonstrated Gigavolt per meter fields [2]. With this scheme,
dielectric-lined waveguides, i.e. “closed” structures with dielectric, are utilized. Similar structures are also considered
as prospective candidates for contemporary beam-driven
sources of THz radiation [3]. On the other hand, various
“open” dielectric structures are extensively studied nowadays in view of development of both beam-driven radiation
sources [4] and non-invasive bunch diagnostics systems [5,6]
It is worth noting that rigorous theoretical explanation of
Cherenkov radiation (CR) emerging during the interaction
of charged particle with dielectric object of finite size is
extremely complicated, therefore various approximate methods are used. We utilize and develop our own combined
approach recently approved by numerical simulations in
COMSOL Multiphysics [7] and possessing the asymptotic
accuracy [8,9]. This approach has been utilized to determine
the outer profile of “concentrator for CR”: axisymmetric dielectric target concentrating the majority of generated CR
in a small vicinity of a predetermined focus without any additional lenses or mirrors [10]. This target was investigated
in details for symmetric case [7, 11]. For practice, it also
important to analyze the influence of trajectory offset from
the symmetry axis to the radiation characteristics. This is
the main goal of this report.

CONCENTRATOR GEOMETRY
Figure 1 shows geometry of the problem: a point charge
𝑞 moves with constant velocity 𝜐 = 𝛽𝑐 along straight trajectory inside the channel in axisymmetric dielectric target
with permittivity 𝜀 and permeability 𝜇 = 1. Position of
charge’s trajectory is determined by 𝑟0 and 𝜑0 , see Fig. 1 (b).
∗
†
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Figure 1: Geometry of the problem. (a) (𝑧𝑥)-cut of dielectric
concentrator for CR. (b) (𝑥𝑦)-cut of the target and position
of the charge’s shifted trajectory.
Cylindrical coordinates 𝜌 = 𝜌0 , 𝑧 = 𝑧0 of the outer profile
of the target have been determined for 𝑟0 = 0 earlier [10]:
𝜌0 (𝜃) = 𝑟(𝜃) sin(𝜃),

𝑧0 (𝜃) = 𝑧𝑓 + 𝑟(𝜃) cos(𝜃),

𝑟(𝜃) = 𝑓 (1 − √𝜀) [1 + √𝜀 sin(𝛼 + 𝜃)]

−1

(1)

,

where 𝛼 = arcsin[1/(√𝜀𝛽)] and 𝑓 is a “focal” parameter.
Maximum transverse size of the target 𝑥max determines minimum angle 𝜃min , maximum angle 𝜃max is determined by
the channel radius 𝑎.

STRATTON-CHU FORMALISM
According to our combined approach, we utilize the
Stratton-Chu formulas [12] to calculate CR exiting the target
using tangential components of EM field at the aperture 𝑆𝑎 :
𝑎 ] 𝜓+
⃗ = ∫ {𝑖𝑘0 [𝑛,⃗ 𝐻⃗𝜔
4𝜋𝐸𝜔
𝑆𝑎

(2)

𝑖
𝑎 ] , ∇)
⃗ ∇𝜓
⃗ + [[𝐸𝜔
⃗
⃗𝑎 , 𝑛]⃗ , ∇𝜓]}
+
([𝑛,⃗ 𝐻⃗𝜔
𝑑Σ,
𝑘0
where 𝑘0 = 𝜔/𝑐, 𝑑Σ = √𝑔𝑑𝜃𝑑𝜑,
√𝑔 =

−𝑓 2 (1 − √𝜀)2 sin 𝜃√1 + √𝜀 sin(𝜃 + 𝛼) + 𝜀
[1 + √𝜀 sin(𝜃 + 𝛼)]

3

,

̃ /𝑅,̃ 𝑅̃ = √(𝑥−𝑥0 )2 +(𝑦−𝑦0 )2 +(𝑧−𝑧0 )2 , 𝑛 ⃗ is
𝜓 = exp (𝑖𝑘0 𝑅)
a unit normal,
⎧
{𝑛𝜌 ⎫
}
⎨
⎬ = [{
{
𝑛
⎩ 𝑧}
⎭

1

cos 𝛼
sin 𝜃
2
cos 𝜃 } +√𝜀 { sin 𝛼 }] [1+√𝜀 sin(𝜃+𝛼)+𝜀]

.

𝑎 , we use solution of the cor⃗𝑎 and 𝐻⃗𝜔
To find the fields 𝐸𝜔
responding “etalon” problem (determining EM field in the
bulk of the target). Omitting cumbersome calculations, we
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RADIATION FROM A DIELECTRICALLY LOADED
WAVEGUIDE WITH OPEN END∗
S.N. Galyamin† 1 , A.V. Tyukhtin1 , V.V. Vorobev1 , A.A. Grigoreva1 , A. Aryshev2
1
St. Petersburg State University, St. Petersburg, Russia
2
KEK: High Energy Accelerator Research Organization, Tsukuba, Ibaraki, Japan
Abstract
We study electromagnetic field produced by a charged
particle bunch exiting an open-ended circular waveguide
with dielectric filling placed inside collinear vacuum waveguide of a larger radius. Based on the developed theory, we
mainly investigate Cherenkov radiation (CR) generated penetrated vacuum regions of the structure due to the diffraction
mechanism. We pay attention to the case of a train of short
bunches resulting in high-order CR modes excitation. We
also develop analytical procedure allowing performing the
limiting process to the case of infinite radius of the outer
waveguide.

INTRODUCTION
In recent years, an essential interest is observed in the
area of contemporary sources of Terahertz (THz) radiation
based on beam-driven waveguide structures loaded with dielectric. Despite of the fact that both ordinary vacuum THz
devices are widely available and other mechanisms for THz
sources are discussed [1], beam-driven sources are extremely
attractive due to extraordinary THz radiation peak power [2].
In this report, we first present some results (based on corresponding rigorous solution) on generation of high-order
CR modes in the “embedded” structure with open-ended
dielectric-lined waveguide [3], as shown in Fig. 1, with the
focus on the diffraction penetration of CR into vacuum regions of the structure. Second, we present current status of
developing the analytical procedure for limiting process to
the case of infinite radius of the outer waveguide (“opened”
structure).

“EMBEDDED” STRUCTURE
According to the idea of beam-driven THz source, THz
frequencies can be generated in mm- or sub-mm-sized
waveguides by charged particle bunches with proper charge
modulation, i.e. by bunch trains [4]. Figure 2 shows comparison of a typical single Gaussian bunch Fourier spectrum
with the spectrum of a bunch train of 15 identical bunches
with spacing 𝐿 > 2𝜎. Here parameters are chosen so that
the bunch train excites effectively the fifth CR mode. In
the same manner, other CR frequencies can be generated.
For example, Fig. 3 shows field distribution for the case
of sub-mm inner waveguide (similar structures were used
in [2]) with third CR mode (with frequency about 0.39 THz)
generated. Behaviour of 𝐸𝑟 component of CR in vacuum
∗
†

Supported by Russian Science Foundation (Grant No. 18-72-10137).
s.galyamin@spbu.ru

MOPGW061
228

x

x
PEC

2

PEC

e
q
PEC

V

a
b

a

3

1

z

b

y

2

Ld

Lv

PEC

Figure 1: “Embedded” structure and notations, 𝑉 = 𝛽𝑐.

Fourier spectrum (arb.units)

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

1.0

single bunch, s = 0.05 cm
15-bunches train, L = 6.3s

0.8
b = 2.5 mm, e = 10, b = 0.9999

0.6
0.4 w Ch
=1 2
0.2
0

3 4 5

50

100

150

w / (2p ) (GHz)

Figure 2: Typical Fourier spectrum of a single Gaussian
bunch and that of a 15 bunches train with 𝐿 > 2𝜎 spacing,
black markers show CR frequencies.
regions of the structure (recall that CR is generated in the
inner waveguide and penetrates vacuum sections by means
of diffraction mechanism) is shown. Each thin (green) curve
shows the 𝐸𝑟 as a function of 𝑟 at a given time moment 𝑡
and given 𝑧. In total, each plot contains 151 curves covering
the 1.5 ns time range with 0.01 ns interval. The highlighted
solid (red) curve corresponds to the maximum field over the
cross-section. As one can see, maximum field in coaxial
region is always on the inner waveguide wall. In the wide
waveguide, global field maximum is typically at the first or
second local maximum.
The main purpose of Fig. 3 is to illustrate possibilities
of the developed rigorous approach for investigation of
field structure of high-frequency CR across the structure. It
should be underlined that simulation time consumed by CST
Particle Studio for similar structures but for the case of first
CR mode generation typically takes about 20 hours at PC
with Intel® Core i7 processor and 32 Gb memory. On the
contrary, our MATLAB code based on analytical formulas
shows approximately 20×60 times faster perfomance [3].
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RADIATION OF A CHARGE MOVING IN A WIRE STRUCTURE∗

S. N. Galyamin†, V.V. Vorobev, A.V. Tyukhtin,
St. Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg, 199034 Russia
A. Benediktovitch, Belarusian State University, 4 Nezavisimosti av., Minsk, 220030 Belarus,
CFEL, DESY, 85 Notkestrasse, Hamburg, 22607 Germany
Abstract
A theoretical approach based on theory of thin vibrator antenna describing the radiation produced by one-dimensional
relativistic bunch propagating through the sparce lattice of
PEC wires of inite length is presented. The validity of the
method is veriied by numerical simulations with COMSOL
Multiphysics. Possible applications of interaction between
charged particle bunches and artiicial wire structures are
discussed.

INTRODUCTION
Artiicial wire structures are attractive to researchers over
the past several decades. In the context of “left-handed”
metamaterials, “wire medium” was used for providing negative “efective” dielectric permittivity [1]. Later on, electromagnetic (EM) properties of “wire medium” was studied
in details [2, 3] under the assumption that considered wavelengths are much larger compared to the structure periods,
therefore allowing usage of “efective” macroscopic parameters for it’s description. In this case, nondivergent properties
of Cherenkov radiation have been mentioned [4, 5].
For wavelengths comparable with the structure period,
the description based on “efective” parameters fails and
wire assembly should be considered as a “wire crystal”. Corresponding “crystals” can be used for development of eicient radiation sources based on “volume free electron laser”
(VFEL) principle [6–8]. Moreover, waveguides loaded with
artiicial metamaterials (including “wire crystals”) are considered as promising candidates for high-power and highgradient accelerators [9, 10].
In this report, we present the analytical approach for investigation of EM ield produced by one-dimensional bunch
moving through the wire structure composed of inite length
PEC wires. This approach is free from limitations on ratio
betweeen wavelength and wire radus or structure period.
Moreover, COMSOL simulation and comparison between
results are performed.

PROBLEM FORMULATION
Figure 1 shows geometry of the problem.
dimensional Gaussian bunch

∗
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Figure 1: Geometry of the structure: PEC wires of length
2� and radius �0 form a rectangular lattice with periods �� ,
�� traversed by a Gaussian bunch (1).

traverses with constant velocity � = �� the periodic lattice
of PEC cylinders distributed in vacuum. Wires are located
in nodes of rectangular lattice with periods �� , �� excluding
�-axis. Position of each cylinder’s axis ��� , ��� is given by
pair of integers (�, �): ��� = ��� , ��� = ��� . Below, we
will use the following approximation: each wire is excited
by Coulomb ield of the moving bunch but does not get affected by the ield produced by each neighboring wire. This
approximation is close to the “kinematic approach” of the
PXR theory in real crystals and allows consideration of each
wire excitation independently. The validity of this approach
is veriied by simulations in COMSOL (see Sec. ). The approach used below for calculation of each wire response is
related to Hallen’s method [11] which is generalized here
for the case of excitation by a charged particle bunch.

SINGLE WIRE EXCITATION
We will calculate the response of a single wire with “coordinates” (�, �). The geometry of this sub-problem is shown
in Fig. 2. The problem is solved for amplitudes of Fourier
⃗ exp (−���). “Incident” ield for the case of
harmonics ��
relativistic motion, � → 1 has the form :
where ���

(�)
≈
���

=

���� �2
� �′
− 2 ),
exp
(�
2
�� ���
�
��
2 + (�′ )2 , �
√���
0

=

��0 , �0

(2)

=

√�2 �−2 (1 − �2 ), Re√ > 0, �� = √2��/�.
The problem here is to ind the surface current induced
at the surface of the wire. We will suppose that wires are
thin, i.e. �0 ≪ �, therefore wire langes can be neglected
and we can suppose that the surface current has only �component does not depending on �′ . Therefore, surface
⃗
⃗
= ��⃗ ������ , ������ =
current ������
can be presented as ������
�(�′ )
�(� ′
2��0
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BEAM DYNAMICS OPTIMIZATION IN DRIFT TUBE LINEAR
ACCELERATOR WITH PERMANENT QUADRUPOLE MAGNETS
I. Skudnova†, Saint Petersburg University, Saint Petersburg, Russia
Abstract

Table 2: RFQ Output Parameters

The research concerns the design of a drift tube linear
accelerator (DTL) with permanent quadrupole magnets
(PMQ) placed inside some of the drift tubes for focusing.
The study was conducted using Comsol Multiphysics software, where electromagnetic fields and particle dynamics
in the cavity were calculated. The proton beam is accelerated up to 10 MeV. Initial beam is assumed to come from
Radio Frequency Quadrupole accelerator (RFQ). Mathematical methods of control theory are used for particles dynamics optimization. Different focusing lattices are examined and variations of the gradient of the magnetic lenses
are analyzed with respect to output beam parameters. Effectiveness of the optimization is estimated by the transmission rate and the emittance growth.

INTRODUCTION
The tandem of Radio Frequency Quadrupole (RFQ) and
drift tube linear accelerators is often used in ion linacs in a
wide range of output energies: in high ones (for instance
1 GeV SNS [1]) and in low ones (for instance 8 MeV Tsukuba University linac for BNCT [2]). Both cases need precise beams on output installation. Using RFQ of P-diapason frequencies and permanent magnetic lenses in drift
tubes in DTL helps to solve the problem of compactness
and narrow spectrum of output energy. The modelling of
the structure and beam dynamics was conducted using
Comsol Multiphysics software. This package enables the
calculation of the 3D RF-field and beam dynamics. The
magnetic field of quadrupole lenses along the axis is assumed to be as proposed in paper [3]. The beam dynamics
optimization is conducted by gradient methods.

Initial Parameters
The drift tube linear accelerator consists of 2 tanks.
Structure parameters are presented in Table 1.
Table 1: DTL Tanks Parameters
Parameter
Tank 1
Tank 2
Input Energy [MeV]
2.5
6
Output Energy [MeV]
6
10
Number of drift tubes
34
22
Length [m]
2.116
1.86
Channel diam. [mm]
16
16
Cavity diam. [cm]
50
49.6
Pulse current [mA]
10
10
The input beam coming from RFQ has characteristics,
described in Table 2. This provided data was calculated using LIDOS.RFQ software [4].
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Parameter
Twiss param. α
Twiss param. β [m/rad]
Emittance [cm*mrad]
Phase spread [deg]
Energy spread [%]
Output energy [MeV]

X
1.39
0.15
0.105

Y
-1.49
0.17
0.105
40
2.6
2.5

Electric RF-Field Computation
The structure was designed to work at the frequency of
432 MHz. The diameter of the cavity as well as drift tube
inner and outer diameters were selected so that the resonant
frequency of the cavity would match the desired one. Comsol Multiphysics software was used to determine the distribution of the RF-field inside the cavity. It uses finite-element method to solve the Helmholz equation for the electric field vector. The mesh of approximately 100 000 elements is set up in the volume of the cavity. Normalized
electric field distribution along the axis in tank 1 is presented below (Fig. 1).

Figure 1: Electric field distribution along the axis, tank 1.

TRANSVERSE DYNAMICS
Magnetic Field
The focusing in the accelerator is achieved by the use of
permanent magnets installed inside drift tubes. Magnets
are considered to be of the same length of 5 cm in the axis
direction. Their centers coincide with centers of drift tubes.
In this study particles should occupy no more than 75% of
the aperture. In this case it seems reasonable to use ideal
approximation of the magnetic forces in the crossection
plane [5]:
Fx = −qvGx, Fy = qvGy
q [C] is a particle charge, v [m/s] is longitudal velocity,
G [T/m] is magnetic field gradient.
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ON WAKEFIELD IN DIELECTRIC WAVEGUIDE WITH SHALLOW
CORRUGATION OF METALLIC WALL ∗
A. V. Tyukhtin† , E. R. Akhmatova, T. Yu. Alekhina, S. N. Galyamin, V. V. Vorobev,
St. Petersburg State University, St. Petersburg, Russia
Abstract

EQUIVALENT BOUNDARY CONDITIONS

We study the radiation of a bunch moving along the axis
of a circular corrugated waveguide filled with dielectric. It
is assumed that Cherenkov effect takes place in the filling
medium. We consider the “long-wave radiation” with wavelengths much larger than the corrugation period. The exact
boundary conditions on the complicated periodic surface
are replaced with the equivalent boundary conditions which
should be fulfilled on the smooth surface. Analytical and
numerical results for the mode frequencies and amplitudes
are presented.

We consider a circular waveguide having a wall with rectangular corrugation (Fig. 1). The waveguide is filled with
a nondispersive isotropic dielectric having permittivity 𝜀,
permeability 𝜇, and refractive index 𝑛 = √𝜀𝜇. The period
of corrugation 𝑑 and the depth 𝑑3 are assumed to be much
less than the waveguide radius 𝑎 and the wavelengths under
consideration 𝜆:
𝑑 ≪ 𝑎,

𝑑3 ≪ 𝑎,

𝑑 ≪ 𝜆,

𝑑3 ≪ 𝜆.

(1)

INTRODUCTION
One of conventional methods of microwave radiation generation is excitation of electromagnetic waves by a charged
particle bunch moving in a periodic metallic waveguide. As
a rule, researchers consider the range of wavelengths which
are comparable to or less than the period of the structure
(Smith-Purcell radiation). However, it is interesting as well
principally different situation when the wavelengths under
consideration significantly exceed the period of the structure [1–4]. In these cases the periodic conductive structure
can be approximately described with help of so-called averaged boundary conditions for a grid waveguide [1] or equivalent boundary conditions (EBC) for a corrugated waveguide [2–5] (EBC are known also as Vainstein-Sivov conditions). These conditions should be fulfilled on the smooth
surface instead the real waveguide wall.
The problems with corrugated waveguide were analyzed
earlier, for example, in [2, 3] where authors examined the
electromagnetic field of a charge moving along the axis of
an empty round waveguide with a finely corrugated wall.
The similar problem was also researched in [4], where we
investigated some important aspects which were not noted
earlier. In particular, in [4] the dependence of the radiation
properties on the charge velocity has been analyzed. Underline that the paper [4] includes the comparison of theoretical
results and results of COMSOL Multiphysics simulations
as well. We have demonstrated that the EBC are applicable
even for situation when the excited wavelength is more than
the structure period in 10 times only.
Here we analyze an analogous problem for the waveguide
with corrugated wall and dielectric filling under condition
that Cherenkov effect takes place. Due to this fact the radiation differs significantly from the one in the vacuum structure.
At the same time, the radiation has essential distinctions from
the one in the dielectric waveguide with smooth wall [6–8].
∗
†

Figure 1: Longitudinal section of the waveguide.
The equivalent boundary conditions for Fouriertransforms of the electric and magnetic fields have the
following view [5]:
𝐸𝜔𝑧 ∣𝑟=𝑎 = 𝜂𝑚 𝐻𝜔𝜑 ,

𝐸𝜔𝜑 ∣𝑟=𝑎 = 𝜂𝑒 𝐻𝜔𝑧 ,

(2)

where 𝜂𝑚 and 𝜂𝑒 are the “impedances” which are imaginary
for perfectly conductive structures (we use cylindrical coordinates 𝑟, 𝜑, 𝑧). In the case of the structure shown in Fig. 1,
we have [5]
𝜂𝑚 =

𝑖𝜔𝑛 𝑑2 𝑑3 𝛿𝛼2𝑧
𝑖𝜔𝑛
(
−
) , 𝜂𝑒 =−
𝛿 (1−𝛼2𝜑 ) , (3)
2
𝑐
𝑐
𝑑
1 − 𝛼𝜑

where 𝑑2 is the width of groove, and 𝛼𝜑 , 𝛼𝑧 are directing
cosines of the incident wave with respect to 𝑒𝜑⃗ and 𝑒𝑧⃗ accordingly: 𝛼𝜑 = 𝑘0𝜑 /𝑘0 , 𝛼𝑧 = 𝑘0𝑧 /𝑘0 (𝑘0⃗ is the wave vector
of the incident wave, 𝑘0 = 𝜔𝑛/𝑐). The parameter 𝛿 is
determined with use of certain system of transcendent equations [4, 5]. In the case of the diaphragm system (𝑑1 → 0),
the formula for 𝛿 is known [5]:
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𝛿 = 𝑑3 −

𝜋𝑑
𝑑
ln [cosh ( 3 )] .
(4)
𝜋
𝑑
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LOCAL IMPEDANCE MEASUREMENTS USING THE ORBIT BUMP
METHOD AT ALBA
Z. Martí∗ , G. Benedetti, T. F. Günzel, U. Iriso
ALBA-CELLS Synchrotron, 08290 Cerdanyola del Vallès, Spain
Abstract
The orbit bump technique has been implemented in the
ALBA Storage Ring to characterize with good precision the
impedance of single machine elements, like the in-vacuum
undulators or the CLIC stripline kicker. The experimental results are compared with theoretical studies, as well as
impedance measurements done at ALBA using other methods like the turn by turn betatron phase or the analysis of the
detuning slopes of the Transverse Mode Coupling Instability
(TMCI).

INTRODUCTION
Previous measurements of local impedance sources in the
ALBA storage ring [1, 2] were based on the change of the
TMCI detuning slope [1] and the fit of the betatron phase advance [2]. Both measurements showed some discrepancies
between the experimental results and the modeled values for
the In-Vacuum Undulators (IVU) [3].
It is very important to clarify as much as possible the real
contribution of such elements to the total impedance budget
because, on one side, IVUs with a small vertical gap are the
major contributors to the total coupling impedance of modern synchrotron light sources and, on the other side, ALBA
will increase the number of such devices in the following
years.
The bump method described here has been already implemented in similar light sources, with significant agreement
between measured and simulated kick factor values [4–6].
The aim of this paper is to achieve a better estimation
of the real impedance of the ALBA IVUs with the bump
technique, as well as to test its limitation with quite small
impedance sources as the CLIC damping ring stripline extraction kicker [7].

BUMP METHOD
The local orbit bump technique was developed to measure
the local transverse impedance in the VEPP-4M racetrack
storage ring [4]. Later the same technique was applied in
light sources as ELETTRA [5] and DIAMOND [6]. Equivalent methods involving closed bumps were implemented in
the APS [8]. Recently, a faster version using AC bumps has
been implemented in NSLS-II [9]. At ALBA, the hardware
does not allow to implement an AC bump, hence the original
DC technique has been used.
The measurements at ALBA were performed using as
starting configuration a single bunch of 8 mA, with a small
but not zero vertical chromaticity, which is just below the
∗

zeus@cells.es
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ALBA TMCI threshold (8.5 mA). An automatic script was
used to apply the orbit bump, measure the orbit, scrape a fraction of the beam current, measure the orbit again and finally
remove the orbit bump. The measurement of the orbit averages BPM data acquired during 30 seconds and the elapsed
time between the two measurements is about 15-30 seconds
depending on the required bunch current change. These values are taken as a compromise between accuracy (the longer
the measurement the larger the effect of the natural beam
current decay and the long term orbit drifts) and precision
(the longer the measurement the better). The bunch current
at the final configuration is varied from 7 to 3 mA.
In order to remove the BPM dependence on the bunch
current, for each bunch current change, the orbit measurement is performed with two plane orbit bumps, at −1 mm
and at +1 mm. Then for each bunch current change four
orbits are stored, the high current high bump Yhchb , the low
current high bump Ylchb , the high current low bump Yhclb
and the low current low bump Ylclb . Each orbit difference
measurement ∆Y is defined as
∆Y = Yhchb − Ylchb − Yhclb + Ylclb

.

(1)

Each measurement consists of the 120 BPM vertical position readings. The orbit difference is used to fit the orbit
kick ∆K at the location of the bump with a LOCO [10] fitted
model of the storage ring obtained with a multibuch filling
pattern and the IVUs closed. In this case we repeat this
for different current changes ∆I to obtain the kick factor
∆K/∆I.

Method Limitations
For low bunch current changes the beam current at the two
configurations of the measurement is similar and hence its
bunch length is also similar. Instead, for high bunch current
changes the two states have quite different currents and hence
different bunch lengths. This detail has not been included
in the simulation which considers an average bunch length.
This may effectively change the measured orbit change as a
function of the beam current change and hence the measurement of the kick factor.
The obit bump produced leaks in its neighbouring elements (Fig. 1). In particular, in the case of the ALBA lattice,
the beam at the adjacent dipoles moves around 10% of the
bump at the intended location. There the beta function is
roughly a factor 12 larger, so it could have a similar effect on
the measurement if the effective impedance where similar.
However, the dipole effective impedance is estimated to be
50 times smaller than the IVU and hence its effect should be
negligible taking into account the present level of agreement.
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ON COORDINATE SYSTEMS IN BEAM DYNAMICS
E. Laface∗
European Spallation Source ERIC, Lund, Sweden
CANONICAL TRANSFORMATIONS

Abstract
Any description of the beam dynamics calculation and
simulation relies on the proper choice of a coordinate system
in order to minimize the computational complexity and to
apply different level of approximations in the calculations.
This need generates a large number of reference systems,
especially to describe the longitudinal dynamics of a particle beam like (z, z ′), (t, ∆P
P ), (z, ϕ), etc. In this paper we
summarize the rules to change coordinate systems, which
system is canonical and how the Hamiltonian of the beam
transforms according to the chosen coordinate system.

INTRODUCTION
The literature of accelerator physics simulation codes is
rich of different algorithms used to track charged particles
in different kind of reference frames. Just to give some
examples, we will describe here few common simulators.
p
MAD-X [1] uses x, ppx0 , y, py0 , −c∆t, ∆E ∆p , s, with
cp0 (1+ p )
0

x, y, px , py canonical coordinates and momenta, p0 reference momentum, ∆t time difference of the particle with
respect to the reference particle, ∆p momentum difference
of the particle with respect to the reference particle and s,
as independent variable, as arc length along the reference
orbit.
dy
∆p
TraceWin [2] uses x, dx
ds , y, ds , z, ps , s with ps the momentum in the direction tangent to the trajectory of the reference
particle s.
IMPACT exists in two versions, depending on the coordinate systems, IMPACT-Z [3] uses x, px , y, py , t, pt , z
where t is the time, and pt = −E the negative energy.
z is the longitudinal coordinate. IMPACT-T [4] uses
x p x y py z pz
dz , mc , dz , mc , dz , mc , t where dz = cdt and pi = γ βi with
i = x, y, z.
PyORBIT [5] is agnostic about the coordinate system
(can work in different ways if specified) but the default is
the same coordinate system as TEAPOT [6] simulator, that
uses the coordinate system of the old version of MAD [7]
p
∆E
that is x, ppx0 , y, py0 , −c∆t, cp
, s.
0
dy
1 ∆p
OpenXAL [8] uses x, dx
ds , y, ds , z, γ 2 p , s, like TraceWin

but scaled with a γ 2 Lorentz factor in the longitudinal momentum.
From this list it seems that the choice of coordinate system
is arbitrary and there is a large freedom to select the frame
for simulation but what are the base criteria to chose one? In
the following sections we will try to give a general guideline
in the properties that a reference system has to fulfill, in
order to be suitable for a simulator in accelerator physics.
∗
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Regardless of the particle accelerator that we want to
simulate, we can start from an assumption that is always
valid: the physics of our simulator will be derived from the
Hamiltonian
r

2
H = c p® − e A® + m2 c2 + eϕ
(1)
where the potentials A® and ϕ are such that the corresponding
fields are
®
® × A®
E® = −∇ϕ;
B® = ∇
(2)
plus the usual gauge freedom; e is the electric charge; m
is the mass of the particle; c is the speed of light. Such
Hamiltonian is valid because it produces the Lorentz force1
that was extensively verified experimentally.
The equations of motion generated by the Eq. (1) are
generally difficult to solve and a common trick is to consider
the Taylor expansion of the Eq. (1) (the so-called paraxial
approximation). In order to be able to expand around zero,
the coordinates and momenta involved in the Hamiltonian
have to be small, this is the reason why every particle accelerator code express the dynamics with respect to a "reference
particle" that corresponds most of the time with the centroid
of the bunch.
The Hamiltonian is a function of coordinates qi and momenta pi such that when evaluated on a particular time trajectory, it satisfies the differential equations
∂H
∂H
; pÛi = −
.
(3)
∂pi
∂qi
We expect that when we transform the qi or the pi we will
obtain a new Hamiltonian that will satisfy a new set of Eqs.
(3). This is assured by the canonical transformations, and
for a full discussion the best reference is [10]. Here we will
just explain the fundamentals.
Let us assume that a particle has coordinates q and momenta p, and that the motion during a certain time t satisfies the equations of Hamilton (3) of a certain Hamiltonian
H = H(q, p, t). Now we want to find the new Hamiltonian
K = K(q̃, p̃, t˜) that satisfies the same set of equations in
the new coordinate system q̃ = q̃(q, p, t), p̃ = p̃(q, p, t), t˜ =
t˜(q, p, t).
qÛi =

tR

(q,p,t)

R2n+1

H

φ

t˜ R
1

R
id

(q̃, p̃, t̃)

R2n+1

K

(4)

R

a proof that the classical version of this Hamiltonian generates the Lorentz
force is available in [9]. For the relativistic Hamiltonian the calculation
is the same but a bit longer.
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CROSSTALK OF BEAM-BEAM EFFECT AND LONGITUDINAL
IMPEDANCE AT CEPC ∗
Y. Zhang† 1 , N. Wang, C. Lin1 , C. Yu1
Institute of High Energy Physics, CAS, 100049 Beijing, China
1
also at University of Chinese Academy of Sciences, 100049 Beijing, China

LONGITUDINAL IMPEDANCE

Abstract
In conventional e+e- storage ring colliders, we only use
lengthend bunch length in beam-beam simulation instead
of considering impedance directly. It is no problem since
the longitudinal dynamics is not sensitive to beam-beam interaction. But it is diferent since the bunch will also be
lengthend during beam-beam interaction by beamstrahlung
efect. It is very natural and more self-consistent to consider the longitudinal impedance in the beam-beam simulation. The simulation shows that the working point region of stable collision is slightly shifted by the longitudinal impedance. It is found that the vertical coherent oscillation may decreases the beam-beam limit with impedance at
some working point.

INTRODUCTION
The circular Electron Positron Collider(CEPC) is a large
international scientiic project initiated and housed by
China. It was presented for the irst time to the international community at the ICFA Workshop “Accelerators for a
Higgs Factory: Linear vs. Circular”(HF2012) in November
2012 at Fermilab. The Conceptual Design Report (CDR,
the Blue Report) was published in September 2018 [1]. The
CEPC is a circular e+e- collider located in a 100-km circumference underground tunnel. The CEPC center-of-mass energy is 240 GeV, and at that collision energy will server as
a Higgs factory, generating more than one million Higgs
particles. The design also allows operation at 91 GeV for a
Z factory and at 160GeV for a W factory. The number of
Z particles will be close to one trillion, and W+ W− pairs
about 15 million. Theses unprecedented large number of
particles make the CEPC a powerful instrument not only
for precision measurments on these important particles, but
also in the search for new physics.
Beam-beam interactions are one of the most important
limitation to luminosity. Beamstrahlung is synchrotron radiation excited by the beam-beam force, which is a new phenomenon in such high energy storage ring based e+e- collider. It will increase the energy spread, lengthen the bunch
and may reduce the beam lifetime due to the long tail of
photon spectrum [2,3]. In this paper, we’ll irst briely show
some impedance data of CEPC. And then some initial result
of longitudinal wakeield inluence on beam-beam interaction is shown.
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In conventional e+e- storage ring colliders, we only use
lengthend bunch length in beam-beam simulation instead fo
considering impedance directly. It is no problem since the
longitudianl dynamics is not sensitive to beam-beam interaction. But it is diferent since the bunch will also be lengthend during beam-beam interaction by beamstrahlung efect.
The longitudinal dynamics should have an important impact
on the transverse motion in collision with a inite crossing
angle. It is very natural and more self-consistent to include
the longitudinal impedance in the beam-beam simulation.
The longitudinal kick along the bunch � (�) is calculated
each turn [4],
�(�) = ∫

∞

−∞

�� −��� ̃
�
�|| (�),
2�

̃ �||̃ (�) (1)
�̃ (�) = −�(�)

where �(�) is the bunch distribution.

Impedance Model

The impedance are calculated both with formulas as
well as simulations with ABCI and CST. The longitudinal wake contributions of diferent impedance objects at a
bunch length of 3mm are shown in Fig. 1. The longitudinal impedances are dominated by the resistive wall and elements of which there is a large quantity. The longitudinal
loss factor is mainly contributed by the resistive all and the
RF cavities.

Figure 1: Longitudinal wake potential with rms bunch
length of 3mm.
To suppress the electron cloud instability, the vacuum
chamber of e+ ring will be coated 0.2�m NEG on copper.
And the material of e- ring vacuum changer is almunium.
Figure 2 shows the total longitudinal impedance of the two
rings. The real part impedance of Al is greater than that of
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RECENT BEAM PERFORMANCE ACHIEVEMENTS WITH THE
Pb-ION BEAM IN THE SPS FOR LHC PHYSICS RUNS
H. Bartosik∗ , R. Alemany, T. Argyropoulos, T. Bohl, H. Damerau, V. Kain, G. Papotti,
G. Rumolo, A. Saa Hernandez, E. Shaposhnikova, CERN, Geneva, Switzerland
Abstract
In the SPS, which is the last accelerator in the LHC ion
injector chain, multiple injections of the Pb-ion beam have to
be accumulated. On this injection plateau the beam suffers
from considerable degradation such as emittance growth and
losses. This paper summarises the achievements on improving the beam parameters and maximising the performance
of the Pb-ion beam for the LHC physics run in 2018. The results are discussed in view of the target beam parameters of
the LHC injectors upgrade project, which is being deployed
during the presently ongoing long shutdown.

target intensity [2]. This required the optimisation of the
machine settings to avoid losses at resonances (e.g. working point, closed orbit, e-cooler, resonance compensation,
among others) and the optimisation of the RF capture for
bunch profile flattening in the double harmonic RF system
to minimise transverse space charge effects [8–11]. The
frequency modulated RF capture also reduces shot-to-shot
intensity variations [12]. Tools for automatic machine tuning
have been developed in 2018 to improve the performance
reproducibility.

INTRODUCTION
The LHC (Large Hadron Collider) injector chain for
heavy-ion beams at CERN consists of Linac3, the accumulator ring LEIR (Low Energy Ion Ring), the PS (CERN Proton
Synchrotron) and the SPS (Super Proton Synchrotron) [1].
The LHC injectors upgrade project (LIU) [2, 3] aims at
upgrading the existing accelerator chain in view of the increased beam performance required for the High Luminosity
LHC (HL-LHC) era. This starts for the heavy-ion program
in 2021 after the upgrade of the ALICE detector in Long
Shutdown 2 (LS2).
An intense effort has been made in the last years in order to maximize the intensity from the ion injector chain in
the frame of the LIU project, which directly improved the
performance of Pb-ion beams for the LHC during Run 2
(2015-2018). The injectors provided Pb-ions for the Pb-Pb
runs in 2015 and 2018, and the p-Pb run in 2016 [4]. In addition, Xe-ion beams were produced for a pilot physics run in
the LHC in 2017 and partially stripped Pb-ions (Pb81+) have
been provided to the LHC for tests in view of the Gamma
Factory proposal [5, 6]. In the following, the Pb-ion beam
intensities achieved so far are summarised and compared to
the LIU target parameters. The main remaining limitations
and milestones for the LIU ion project are discussed.

PRE-INJECTORS
An impressive improvement of the Pb-ion injector performance has been reached during Run 2. In 2016 the source
extraction system was re-designed, and in combination with
the removal of aperture limitations resulted in a significant
increase of the beam intensity from Linac3 [7], with a 40%
higher total transmission from the source to LEIR. The intensity reach of LEIR could be practically doubled as compared to the Run 1 machine performance, as shown in Fig. 1.
Since 2016, LEIR is operating comfortably above the LIU
∗
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LIU target
before 2015

Figure 1: Evolution of the intensity along the LEIR cycle
including Run 1 performance records.

The Pb-ion beams do not suffer from strong intensity
limitations in the PS. For high bunch intensities the beam
becomes unstable just after transition crossing, but this is
not of big concern as the instability can be suppressed by
controlled longitudinal blow-up with a beam quality still
sufficient for injection into the SPS.
The production scheme for the LHC Pb-ion beams for
the LHC has been evolving during Run 2 for optimisation
of the integrated luminosity according to the performance
of the injectors (in particular LEIR). Figure 2 shows an
overview of the associated RF gymnastics in the PS. In
2015 the PS provided 2 bunches spaced by 100 ns per batch
to the SPS, which is the same scheme as in Run 1. With
the increased intensity available from LEIR in 2016, bunch
splitting at flat top was introduced in the PS to provide 4
bunches spaced by 100 ns per batch to the SPS (nominal
scheme [1]). This scheme was also used in the first half of the
run in 2018. In the second half, a new scheme with 3 bunches
from LEIR was introduced with a batch compression at PS
flat top resulting in 3 bunches spaced by 75 ns per batch
injected into the SPS.
MC4: Hadron Accelerators
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LONGITUDINAL STABILITY OF THE HOLLOW ION BUNCHES
AFTER MOMENTUM SLIP-STACKING IN THE CERN SPS
T. Argyropoulos, A. Lasheen, D. Quartullo, E. Shaposhnikova,
CERN, Geneva, Switzerland
Abstract
Momentum slip-stacking is planned to be used for the lead
ion beams in the CERN SPS to double the beam intensity
for the High-Luminosity LHC project. During this RF manipulation, two SPS batches, controlled by two independent
RF systems, are going to be interleaved on an intermediate
energy plateau, reducing the bunch spacing from 100 ns
to 50 ns. However, there are limitations how close the frequencies of the two RF systems can approach each other,
resulting in a hole in the longitudinal bunch particle distribution due to the offset in energy of the recaptured bunches.
After filamentation, these bunches should be further accelerated to the SPS top energy, before extraction to the LHC.
Macro-particle simulations have shown that Landau damping is lost for the bunches with the smallest longitudinal
emittances in the batch, causing un-damped oscillations of
the bunch core after recapture. The standard application of
an additional, fourth harmonic RF system, successfully used
in proton operation, was not able to damp the oscillations
at top energy, and it is necessary to switch it on from the
moment of recapture. In this paper the longitudinal stability of the bunches after slip-stacking is studied using both
macro-particle simulations and analytical calculations.

INTRODUCTION
The Momentum Slip-Stacking (MSS) technique is
planned to be used for the LHC ion beams in the SPS after
the Long Shutdown 2 (LS2) in 2021, to reduce the bunch
spacing from 100 ns to 50 ns and therefore to increase the total beam intensity in the frame of the LHC Injectors Upgrade
(LIU) project [1]. This complicated beam manipulation is
going to take place in an intermediate energy plateau at
300 ZGeV/c (γ=127), in a specifically designed magnetic
cycle. Currently, in the SPS, the LHC Pb82+ ion beams are
accelerated from 17 ZGeV/c (γ=7) to 450 ZGeV/c (γ=191).
A detailed description of the MSS process, as planned to
be implemented in the SPS, can be found in [2]. Two SPS
batches of 24 bunches, spaced by 100 ns, are going to be
captured by two independent RF systems. By introducing a
small difference in the frequencies of the two RF systems,
the two batches start approaching each other longitudinally,
due to the resulting energy difference. The moment the
two beams are at the required azimuthal position, the full
beam is recaptured with a much higher RF voltage at the
average (designed) RF frequency, creating a single batch of
48 bunches with half the bunch distance (50 ns).
Since slip-stacking can be tested experimentally only after the upgrade of the main 200 MHz RF system [3, 4],
macro-particle simulations with the BLonD code [5] were
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carried out to design and optimise this manipulation [6]. The
full SPS longitudinal impedance model was used together
with realistic beam parameters (bunch lengths, intensities,
particle distribution), based on beam measurements. The
feasibility of slip-stacking was proven in the simulations and
a first implementation scenario is currently underway [2].
However, loss of Landau damping was observed, starting at
the moment of recapture and lasting until the end of the cycle.
A detailed study of this effect, which can be attributed to the
hollow longitudinal distribution, generated by the strongly
unmatched conditions at the moment of recapture, is presented below. Possible ways to increase the longitudinal
stability threshold are also proposed.

EFFECT OF RF PERTURBATION
During the slip-stacking process each batch will be captured by a different group of RF cavities. The group of
cavities that is not synchronised with the batch will perturb
its motion. This perturbation can be described by the slipstacking parameter α [7]:
α=

∆ frf
∆E
=2
,
fs0
HB

(1)

where ∆ frf and ∆E are respectively the differences in RF
frequency and energy between the two batches and fs0 is the
zero amplitude synchrotron frequency of the unperturbed
bucket with half height of HB .
When α = 4, the separatrices of the buckets, associated
with the two independent groups of RF cavities, are tangent
to each other. This value was proven to be the lowest stability
limit of the dynamics of the system [7], since the perturbation averages out within a synchrotron period. For lower
values of α, the motion of the particles in the longitudinal
phase-space becomes chaotic, leading to very fast particle
losses. This implies that at the moment of recapture (end
of MSS) the two beams should remain separated in energy.
An example of the longitudinal phase-space of a bunch at
the moment of recapture with α = 4.5 is shown in Fig. 1.
Note the very distorted particle trajectories in the longitudinal phase-space, even though α > 4. Therefore, a high RF
voltage Vrc
at the center RF frequency is needed in order to
rf
capture as many particles as possible, which also causes a
large emittance blow-up.

LOSS OF LANDAU DAMPING
A large number of macro-particle simulations were carried out in order to optimise the slip-stacking procedure [6].
Simulations started at 300 ZGeV/c assuming that all bunches
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RESISTIVE WALL EFFECTS IN THE CLIC BEAM DELIVERY SYSTEM
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Abstract
Resistive wall wakefields are an important issue to study
for future linear colliders. Wakefields in the Beam Delivery System (BDS) might cause severe multi-bunch effects,
leading to beam quality and luminosity losses. The resistive
wall effects depend on the beam pipe apertures and materials, which are optimised to limit the impact on the beam.
This paper presents a study of this issue for the 380 GeV
and 3 TeV beam parameters and optics of the Compact Linear Collider’s BDS. First, the resistive wall effect and the
calculation of the beampipe apertures is shown, then the luminosity and its quality are presented. Finally, the proposed
design parameters discussed.

INTRODUCTION
The Compact Linear Collider (CLIC) is a proposed future
electron–positron collider with the potential to reach centreof-mass energies in the TeV scale. The construction and
physics programme is assumed to be carried out in three
stages: at 380 GeV, 1.5 TeV, and 3 TeV [1].
The Beam Delivery System (BDS) transports electron and
positron beams from the linacs to the Interaction Point (IP).
First, the beam is cleaned in the energy and betatron collimation sections and then it is focused with the Final Focus
System (FFS). The FFS is made of dipoles, quadrupoles and
sextupoles that have been optimized to match the desired
beam parameters at the IP. The total FFS length is 770 m
at all energy stages [2]. An intra-pulse feedback system is
installed on both sides of the CLIC detector, each consists of
a Beam Position Monitor (BPM) and a kicker. It is designed
to iteratively correct the incoming beam position within a
single bunch train, with a goal to increase the luminosity
with each iteration [3].
To achieve the desired high luminosity nanometre-scale
bunch size with a population in the order of 109 particles,
as well as bunch trains with a large number of bunches, are
required. These intense charges give rise to resistive wall
wakefields, which may cause significant multi-bunch effects
leading to beam quality and luminosity losses.
The resistive wall wakefields pose a limitation on how
small the vacuum chamber apertures can be. Larger apertures are not desired due to the increased costs of magnets
and the increased complexity of assuring their field uniformity. In the CLIC BDS the use of room-temperature magnets
is envisaged. This imposes a limit on the magnetic field in
the magnet poles of around 1.5 T, which provides an upper
limit on the allowable radii of the apertures. Any design of
the apertures to minimise the resistive wall wakefield effect
must fall between these two limits on radii.
∗
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The resistive wall effect is a result of finite vacuum
chamber conductivity. The surface current induced on the
beampipe wall is delayed with respect to the source and can
interact with the following charged particles over short- and
long ranges.
In this study, the classical treatment of resistive wall wake
was used, and only the fundamental transverse mode is considered, where thick walls, circular aperture shapes, and
ultra-relativistic particles are assumed. The formula for the
wake potential [4]:
𝑊 (𝑧) = −𝐿

𝑍
𝑐
𝑉
√ 0 [
],
3
𝜋𝜎
𝑧
𝐶𝑚
𝜋𝑏
𝑟

(1)

where: 𝑍0 - impedance of the vacuum: 1/𝜀0 𝑐, z - longitudinal distance between the source and the impacted particle,
𝜎𝑟 - conductivity of the wall material, 𝑏 - aperture radius, 𝐿
- length of the considered accelerator element in which the
wake propagates.

RESULTS
The bunch trains were created at the beginning of the
BDS with a uniform offset of half of the RMS bunch size in
both the horizontal and vertical directions for all bunches.
Then PyHEADTAIL [5] was used to perform linear tracking through the BDS up to the interaction point (IP), taking
into account the multi-bunch and resistive wall effects. The
sensitivities to the effect was checked by calculating the
luminosity in Guinea-Pig [6]. The scenario used assumed
duplicating the beam that was transported through the BDS
by PyHEADTAIL and centring one of the copies at (0,0)
while leaving the other to remain fully impacted by the resistive wall wake. The statistics used in this study was 30 bunch
trains. The conductivity numbers used were 5.96 ⋅ 107 S/m
and 1.45 ⋅ 106 S/m for copper and stainless steel respectively.
The nominal apertures were calculated for each element
along the BDS using the following formula:
𝑅 = 𝑚𝑎𝑥{𝑟𝑚𝑖𝑛 , 1.1 + 𝑚𝑎𝑥{15𝜎𝑥 , 55𝜎𝑦 }},

(2)

where the minimal radius 𝑟𝑚𝑖𝑛 was based on a previous study,
and was equal to 6 mm at 3 TeV and 15 mm at centre-of-mass
energy of 380 GeV, which was scaled from the 500 GeV
design [7]. The beam sizes were calculated using:
𝜎𝑥,𝑦 = √𝜀𝑥,𝑦 𝛽𝑥,𝑦 + (𝐷𝑥,𝑦 𝛿)2 ,

(3)

where: 𝜀𝑥,𝑦 - geometrical emittance, 𝛽𝑥,𝑦 - beta function,
𝐷𝑥,𝑦 - dispersion, 𝛿 - relative energy spread. The collimation depth of 15𝜎𝑥 and 55𝜎𝑦 was taken from a collimation
study [8].
MC5: Beam Dynamics and EM Fields
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RECONFIGURATION OF SPS LANDAU OCTUPOLE CIRCUITS TO
MINIMISE SECOND ORDER CHROMATICITY
H. Bartosik∗ , M. Carlà, K. Cornelis,
CERN, Geneva, Switzerland
OLD OCTUPOLE SCHEME

Abstract
In the SPS Q20 optics presently used for LHC beams, the
Landau octupole families of the SPS (LOF and LOD circuits)
generate large second order chromaticity due to the relatively
high dispersion at their locations. Since the induced second
order chromaticity results in enhanced losses due to the
large incoherent tune spread, these octupoles cannot be used
for mitigating transverse instabilities for LHC beams. A
new cabling scheme was proposed, exploiting additional
octupoles that were already installed in the machine but not
used, which allows minimizing the induced second order
chromaticity in both the Q20 optics used for LHC beams, as
well as the original SPS optics used for fixed target beams.
This paper summarises the optics calculations as well as the
experimental verification of the reduced chromatic detuning
of the new octupole scheme.

The Landau octupoles in their old configuration induced
large Q ′′ (second order chromaticity) in the Q20 optics. Figure 1 shows the measured horizontal and vertical tune shift
as a function of momentum offset for normalised octupole
settings of kLOF = 2 m−4 and kLOD = 2 m−4 in comparison
to the optics model in the Q20 optics. The quadratic dependence due to the induced Q ′′ is evident. The range of
relative momentum deviations shown here correspond to the
bucket height of LHC beams at SPS injection with operational RF voltage settings. It should be emphasised, that the
amplitude detuning for these octupole settings is about one
order of magnitude smaller considering particles 4 standard
deviations away from the center of a beam with typical normalised transverse emittances of 2 µm at the SPS injection
plateau of 26 GeV/c.

INTRODUCTION

The Super Proton Synchrotron (SPS) at CERN delivers
beam to the North Area fixed-target experiments as well as
to the HiradMat and AWAKE facilities, and serves as injector for the Large Hadron Collider (LHC). Since the SPS
transverse damper is not sufficient to fully suppress resistive
wall instabilities of the high intensity fixed target beams,
Landau octupoles are used in routine operation to generate
amplitude dependent detuning and stabilise the beam. On
the other hand, for LHC beams in the present operational
intensity range (up to 1.3e+11 p/b) Landau octupoles are not
required for routine operation as in this case the transverse
damper is sufficient for suppressing coupled bunch instabilities. However, horizontal coupled bunch instabilities have
been encountered for LHC beams with intensities above
1.8e+11 p/b during machine development studies even with
the transverse damper [1]. For comparison, after the LHC
injectors upgrade (LIU) project [2, 3], the SPS needs to deliver 2.3e+11 p/b to the LHC and thus mitigation measures
for this horizontal instability have to be prepared. A possible
solution would be to use the Landau octupoles also for the
operation of the future LHC beams [1].
The SPS has one family of Landau octupoles at positions
with large horizontal beta-function, called LOF circuit, and
another family at positions with large vertical beta-function,
called LOD circuit. Fixed target beams are operated with
the original SPS optics configuration with integer tunes of
26 (“Q26” optics). Since 2012 a low transition energy optics
with integer tunes of 20 (“Q20” optics) is used in routine
operation for LHC beams to overcome single bunch vertical
instabilities in preparation of the LIU upgrade [4–6].
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Figure 1: Measured tune shift as a function of momentum
offset compared to the optics model prediction for octupole
settings of kLOF = 2 m−4 and kLOD = 2 m−4 .
The induced Q ′′ restricted the usable octupole strength
for Landau damping of LHC beams: Figure 2 shows the
measured accumulated losses at the end of the flat bottom
and at the end of the cycle (i.e. including acceleration) for
an LHC beam in the Q20 optics as a function of the normalised octupole strength of the LOF circuit. Within the
range of −3 m−4 ≤ kLOF ≤ 5 m−4 the flat bottom losses are
slightly enhanced, but the total losses remain the same. In
other words, the octupoles provoke flat bottom losses of particles, which would be lost during acceleration otherwise.
When the octupole strength is increased beyond these limits,
the total losses increase. This behaviour can be understood
considering that the LHC beam injected into the SPS has
large longitudinal tails resulting in full RF buckets and part
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SWISSFEL INJECTOR
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Abstract
In the past years wakefield sources have been used to
manipulate electron beams in accelerators. We recently installed corrugated structures of a total length of 2 m at the
SwissFEL injector to test novel schemes for beam manipulations. We present simulations and early experimental results.
We compare the model predictions with the measured data
for the bunch energy losses and the kick factor, and show
early results for the longitudinal phase space linearization
and the production of current spikes.

a modulation along the beam longitudinal phase space. At
the compression stages this perturbation of the beam longitudinal phase space produces current spikes separated in
time and energy. The resulting electron bunches present two
(or more) short high current spikes suitable to generate pairs
(trains) of X-ray pulses to perform pump/probe experiments.
In this proceeding we will concentrate on the last two corrugations. More detailed description of the geometry of these
corrugations can be found in [8].

NUMERICAL SIMULATIONS
At SwissFEL [1, 2], the Free Electron Laser (FEL) facility at the Paul Scherrer Institut, we installed corrugated
structures. The system comprises two structures DEH and
DEV, each 1 meter long and orthogonally placed: in DEH
the gap is closed moving the plates vertically, and in DEV
horizontally. In each structure there are 3 corrugated plates
with different geometries suitable to manipulate the electron
bunches via wakefield interaction. SwissFEL is a normal
conducting XFEL machine, starting with a photoinjector
followed by compression and accelerator stages. There are
two compression stages; the first one (BC1) operates at an
energy of 300 MeV, the second one (BC2), located downstream of Linac1, operates at an energy of 2.1 GeV. Linac2
and Linac3 boost the beam energy up to 5.8 GeV to an energy collimator. From this section the beam is sent to an
undulator line (hard X-ray branch), used to generate FEL
radiation at a wavelength ranging from 0.1 nm to 0.7 nm.
The three corrugations installed upstream of BC1 are suited
for different kinds of beam manipulations, and they are indicated as dechirper, linearizer and two-color. The first is the
same which will be used upstream of the soft X-ray branch
of SwissFEL (presently in commissioning/installation) to
remove the energy chirp residual from the compressions
process [3, 4]. We plan to measure the energy loss and the
kick factor of this structure to benchmark the model. The
corrugation indicated as linearizer [5, 6] generates an energy
loss along the bunch acting like a high harmonic of the main
frequency of the structures upstream of BC1. This corrugation should have the same effect of a linearizing cavity, but
without requiring RF power and with a reduced energy jitter.
The latter corrugation, indicated as two-color [7], impinges
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At SwissFEL we have the possibility to illuminate the photocathode using different shapes of the laser longitudinal profiles: a flat-top distribution [9], or a single Gaussian with a
tunable rms length, σ. Figure 1 shows the wake potential obtained with the analytical model using CST Studio [10], and
ECHO2D [11] codes assuming the different bunch shapes
for the corrugations of the linearizer and two-color. The anaBunch

wake potential (MV)

INTRODUCTION

wake potential (MV)
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Figure 1: Wake potential obtained assuming Gaussian and
flat-top bunch profiles. We assumed a Gaussian bunch with
σ = 0.9 mm and a flat-top distribution with FWHM of 10 ps.
For both cases we used a bunch charge of 200 pC, which is
the maximum design charge of SwissFEL.

lytical model differs from the numerical simulations because
it is valid only assuming some hypotheses on the geometry
of the structures not fully fulfilled in our case (ratio of the
height and the period of the corrugation). The agreement
between CST and ECHO2D is so satisfactory that either
code is sufficient to simulate the problem.
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NEW SPIRAL BEAM SCREEN DESIGN FOR THE FCC-hh INJECTION
KICKER MAGNET ∗
A. Chmielińska† , CERN, Geneva, Switzerland, EPFL, Lausanne, Switzerland
M. J. Barnes, CERN, Geneva, Switzerland
CONVENTIONAL BEAM SCREEN

Abstract
The injection kicker system for the Future Circular Collider (FCC-hh) must satisfy demanding requirements. To
achieve low pulse ripple and fast Ąeld rise and fall times,
the injection system will use ferrite loaded transmission line
type magnets. The beam coupling impedance of the kicker
magnets is crucial, as this can be a dominant contribution
to beam instabilities. In addition, interaction of the high
intensity beam with the real part of the longitudinal beam
coupling impedance can result in high power deposition in
the ferrite yoke. This gives a signiĄcant risk that the ferrite
yoke will exceed its Curie temperature: hence, a suitable
beam screen will be a critical feature. In this paper, we
present a novel concept - a spiral beam screen. The fundamental advantage of the new design is a signiĄcant reduction
of the maximum voltage induced on the screen conductors,
thus decreased probability of electrical breakdown. In addition, the longitudinal beam coupling impedance is optimized
to minimize power deposition in the magnet.

The conventional beam screen consists of 24 straight,
NiCr, screen conductors (2.7 mm × 0.8 mm). They are inserted into grooved slots in the inner wall of a ceramic tube
(99.7% alumina), which is placed in the magnet aperture.
The screen conductors provide a path for the beam image
current and screen the ferrite yoke from the electromagnetic
Ąeld of the circulating beam. To preserve a fast magnetic
Ąeld rise time, the conductors are capacitively coupled to a
grounded metallic cylinder at the upstream end, at which the
beam enters the kicker magnet, and are directly connected
to ground at the downstream end (see Fig. 1). Ferrite rings
are mounted around each end of the alumina tube. At the
upstream end, they absorb the beam induced power before it
is deposited in the ferrite yoke [5]. For FCC-hh, CMD10 ferrite [2] isostatically pressed (TC ≥ 250◦ C [3]) is a baseline
material for the rings.

INTRODUCTION
The FCC-hh will have two injection kicker systems to
inject counter rotating proton beams. Each system will consist of 18 transmission line kicker magnets [1]. Each kicker
magnet will have 20 cells. A cell consists of a C-core NiZn
ferrite sandwiched between two high voltage (HV) capacitance plates: a plate connected to ground is situated between
the two HV plates. The baseline material considered for the
magnet yoke is CMD5005 ferrite [2], isostatically pressed,
with a Curie temperature TC ≥ 125◦ C [3].
To limit power deposition in the ferrite yoke, a beam
screen will be placed in the aperture of each kicker magnet [1]. The beam screen has to satisfy conĆicting requirements of low beam coupling impedance, good high voltage
performance, fast Ąeld rise and fall times with low ripple, low
secondary electron yield (SEY), good radiation resistance
and the ability to withstand temperatures up to 350◦ C during bake-outs required for compatibility with the ultra-high
vacuum.
The Ąrst option considered for the FCC-hh kicker magnet
was a "conventional" beam screen (see Fig. 1), with straight
conductors, used for the injection kicker magnets of the
Large Hadron Collider (LHC MKI) [4]. However, due to
HV and heating concerns, we have developed a new concept
of the spiral beam screen. The new design has low beam
coupling impedance and improved HV performance. Hence
it is the baseline proposed for the FCC-hh.
∗
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Figure 1: Schematic of the conventional beam screen.
Due to the capacitive coupling, an open-ended resonating
cavity is formed in the region where the screen conductors
overlap with the outer metallic cylinder. The n-th harmonic
of the fundamental resonance occurs at the frequency [6]:
nc
(n)
fconv
= √
,
2 εr,ef (Loverlap + δfringe )

(1)

where c is the speed of light, εr,ef is the efective relative
permittivity of the volume between the metallic cylinder and
the overlap of the screen conductors, Loverlap is the length of
the overlap between the metallic cylinder and longest screen
conductor, and δfringe is the efective increase in length due
to fringe Ąelds. In the initial beam screen design for the
FCC-hh injection kicker, Loverlap = 56 mm.
A signiĄcant voltage is induced on the screen conductors
during the magnetic Ąeld rise and fall. The induced voltage
on the i-th conductor is (see Fig. 2):
Vi =

dB
(d + R − yi )L,
dt

(2)

where L is the length of a screen conductor within the uniform magnetic Ąeld B, R is the beam screen radius, d is the
distance from the ground busbar (GND) and yi is the coordinate of the screen conductor on the y-axis. HV breakdowns
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VERIFICATION BY RF MEASUREMENTS OF NEW HOM MITIGATION
SCHEME DEVELOPED FOR FUTURE SPS 33-CELL ACCELERATING
STRUCTURES
P. Kramer1∗ , A. Farricker, C. Vollinger, CERN, Geneva, Switzerland
1 also at Institute of High Frequency Technology (IHF), RWTH Aachen University, Germany
Abstract
Longitudinal higher-order modes (HOMs) at a frequency
of around 630 MHz in the 200 MHz travelling wave RF
structures currently limit the beam intensities in the CERN
SPS to less than that required by the High Luminosity (HL-)
LHC. In the framework of the LHC Injectors Upgrade (LIU)
project, the performance of the already existing HOM damping scheme for these standing wave modes must be improved.
This involves improving the existing HOM-couplers as well
as the possible use of a new mitigation technique via the
insertion of resonant posts in some cells of the multi-cell
structures. The development of the new damping scheme
has been performed using theoretical analysis of the cavitycoupler interaction in conjunction with full-wave electromagnetic (EM) field simulations. This contribution will
show the verification of the improved HOM damping performance by measurements on a single section with 11 cells
and on the future 33-cell structures. The parasitic impact
of the damping scheme on the travelling wave fundamental
passband (FPB) will also be presented.

INTRODUCTION
Multi-bunch instabilities triggered by longitudinal HOMs
in the (628–630) MHz range in the travelling-wave accelerating structures were already observed within the first year
of SPS operation in 1976 [1]. The instability was mainly
cured through the use of damping probes with resistive loads
placed in the top of a number of cells. The probes couple as
strongly as possible around 630 MHz while being equipped
with a rejection filter for the 200 MHz fundamental mode.
The HOM reduction of at least 35 dB was effective enough
to mitigate this source of instability despite the increasing
beam intensity over the last 40 years. For future HL-LHC
intensities however an additional factor three in damping
must be achieved to ensure the required beam stability [2].
Several options solving the numerous obstacles for improved HOM mitigation in the short, 33-cell accelerating
structures, which will be used in the future, have been developed [3]. The most promising upgrade option of the
current, now insufficient, damping scheme consists of three
steps: First, additional HOM-couplers are placed in cells
that feature a strong EM field of a mode specific to the 33cell configuration. Second step is an improvement of the
HOM-couplers themselves by deploying complex, instead of
purely resistive 50 Ω, loads as the coupler termination. The
complex load ensures near optimal, critical coupling of the
∗
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coaxial HOM-coupler to the most detrimental modes. The
third component of the new damping scheme is a novel type
of HOM-mitigation through the implementation of resonant
posts which are directly placed on the wall in the lower part
of the cavity, where no dedicated access ports for HOMdamping exist [3].
The development of the new damping scheme has relied
mainly on EM simulations as the new 33-cell configuration
only recently became available for measurements. The goal
of this contribution is therefore to confirm the promising performance observed in simulations using RF measurements.
However, verification of the new mitigation techniques on a
33-cell structure of around 12.5 m length and with a large
amount of components is quite cumbersome. This is especially the case for on-axis perturbation measurements of
cavity geometry factors that are ideally included in the measurement program. The effectiveness of the new damping
techniques is therefore also shown on a single, 11-cell section by comparing measurements to the corresponding EM
simulations. Unfortunately, a setup for perturbation measurements has not yet become available so that the verification
so-far relies on probe measurements only.
After an introduction of 11-cell EM simulations in the
first section of this contribution, an improved damping with
the complex load for critical coupling is shown. The third
section is devoted to the measurement with the resonant
posts, followed by a brief overview of the impact of the
damping scheme on the accelerating FPB.

ELEVEN-CELL SIMULATIONS
The placement of the 630 MHz HOM-couplers in each
11-cell section of the 44- and 55-cell configurations that had
been in use so far is shown in Fig. 1. For the future 33-cell

Figure 1: Coupler and resonant post configuration in 11 cells
for measurement of HOM-mitigation performance.
structure, the two most detrimental HOMs in the 630 MHz
frequency range have high-R/Q (≈90 Ω circuit definition)
and a phase advance per cell of 14π/33 and 15π/33 respectively. In a single section only the latter of the two exists
(5π/11) together with other HOMs of the same passband,
which are less synchronous with the beam and therefore less
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IMPEDANCE REDUCTION IN THE CERN SPS THROUGH
ELEMENT LAYOUT OPTIMISATION
A. Farricker∗ and C. Vollinger
CERN, Geneva, Switzerland
Abstract
The CERN accelerator complex is currently in its long
shutdown while the LHC Injector Upgrade is being carried
out. The upgrade includes, but is not limited to, the relocation of the beam dumping system; upgrade of the RF system;
replacement of the electrostatic septa and impedance reduction. These major upgrades present an opportunity to perform additional impedance reduction in areas not normally
modified due to the large amount of work being performed
across the accelerator complex. In this paper, we look at
the impedance minimization in the sections near the large
aperture quadrupoles of the extraction regions in CERNs
SPS. By optimising the locations of existing equipment and
introducing a new, more impedance optimised type of bellows, significant reductions in the beam-coupling impedance
can be achieved.

INTRODUCTION
The CERN Super-Proton Synchrotron (SPS) has been one
of the work horses of the CERN accelerator complex since
its commissioning in 1976. Throughout its lifetime it has
undergone many modifications and upgrades. The last major
overhaul made the SPS the final injector in the accelerator
chain of the LHC. In order to prepare the SPS for the High
Luminosity–LHC (HL–LHC) era, significant improvements
in the form of the LHC Injector Upgrade (LIU) are currently
underway [1].
One major goal of the LIU is to reduce the longitudinal
beam-coupling impedance in the SPS to improve beam stability. The end result of this is to achieve a doubling of
the current bunch intensity from 1.2 to 2.4 × 1011 protons
per bunch (ppb). This impedance reduction campaign involves the shielding of the remaining unshielded vacuum
flanges and pumping ports, which has been ongoing since
the original upgrade for the LHC operation [2–4]. In addition, a complete overhaul of the 200 MHz accelerating
system includes the reorganisation of existing structures,
an increase in the number of cavity elements, a power upgrade [5] as well as significantly stronger HOM damping [6]
and impedance reduction through improved feedback acting
on the accelerating mode [7].
Due to the wide ranging scope of work being carried
out during Long Shutdown Two (LS2), many areas of
the ring which are not usually accessible will be vented.
This gives the opportunity to find areas where the beamcoupling impedance can be improved with minimal cost
and effort. In this contribution we will focus on the injection/extraction regions of the machine where large aperture
∗

aaron.farricker@cern.ch

quadrupole (QFA/QDA) magnets are found. The beamcoupling impedances presented have been calculated using
the wakefield solver in CST MWS [8].

QFA SECTIONS OF THE SPS
In the injection/extraction regions of the SPS, a larger
physical aperture is required to allow the circulating beam
and injected/extracted beam to pass simultaneously. This
leads to regions of the machine which require atypical (for
the SPS) quadrupole (QF/QD) beam pipes with significantly
larger apertures. This requirement for larger apertures in
both the horizontal and vertical planes is extended to the
neighbouring equipment where, consequently, corrector
dipoles, vacuum valves and beam position monitors (BPMs)
have larger physical apertures. In order to minimise the number of different elements used in the SPS, a circular crosssection, bi-planar BPM and large circular bellows which can
both be used in the two large aperture focusing and defocusing quadrupoles are present. An example of a QFA region in
the SPS is shown in Fig. 1(a), which also shows the standard
configuration of the components in these regions indicating
their apertures, Fig. 1(b).

(a) Panorama of area upstream QFA 216 in the SPS tunnel

d=156 mm
Beampipe

d=156 mm
Beampipe

BPM & Bellows

QFA

BPM & Bellows

QFA

Corrector Dipole

Device
&
Bending Magnet

Bellows

Corrector Dipole

(b) Standard configuration of SPS QFAs

Figure 1: Layout in the SPS QFA regions.
If the vacuum chambers of neighbouring machine elements have different apertures, the result is either a stepin/out transition or, in the worst case, an undesired cavity is
shaped. Both cases result in unwanted impedance contributions which can reduce the intensity threshold of the SPS. As
a result of the major works carried out in the SPS within the
framework of the LIU project, the currently known sources
of longitudinal beam instability will be cured. However,

MC5: Beam Dynamics and EM Fields
D04 Beam Coupling Impedance - Theory, Simulations, Measurements, Code Developments

MOPGW077
277

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPGW078

CHANGE OF BEAM DISTRIBUTION DUE TO DECOHERENCE IN THE
PRESENCE OF TRANSVERSE FEEDBACK
S. V. Furuseth∗ 1 , X. Buffat, CERN, 1211 Geneva 23, Switzerland
1
also at EPFL, 1015 Lausanne, Switzerland
Abstract

Transverse Feedback and Decoherence

The effect of Landau damping is often calculated based
on a Gaussian beam distribution in all degrees of freedom.
The stability of the beam is however strongly dependent on
the details of the distribution. The present study focuses on
the change of bunch distributions caused by the decoherence
of the excitation driven by an external source of noise, in
the presence of both amplitude detuning and a transverse
feedback. Both multiparticle tracking simulations and theoretical models show a similar change of the distribution.
The possible loss of Landau damping driven by this change
is discussed.

INTRODUCTION
In synchrotrons, the beam is kept stable partially by Landau damping due to the tune spread within each bunch. The
stability diagram in plane 𝑗 ∈ {𝑥, 𝑦} is calculated from [1]
dΨ(𝐽𝑥 ,𝐽𝑦 )

𝐽𝑗 d𝐽
∞
∞
1
𝑗
= − ∫ d𝐽𝑥 ∫ d𝐽𝑦
,
Δ𝑄coh,𝑗
𝑄
−
𝑄
(𝐽
𝑗 𝑥 , 𝐽𝑦 )
0
0

(1)
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where Δ𝑄coh,𝑗 , 𝐽𝑗 and 𝑄𝑗 are the coherent tune shift, action
and tune, respectively, in plane 𝑗, 𝑄 ∈ (−∞, ∞), and Ψ is the
distribution. The stability can be changed significantly by a
small change of the distribution [2–5]. In a recent experiment
in the LHC, Landau damping was lost due to a noise driven
diffusion [6]. Here we will introduce an analytical theory
that explains how the distribution changes after an initial
offset, due to the combined effects of a tune spread and a
transverse feedback. The goal is to find how the distribution
changes, and how the stability diagram evolves as a result.

THEORY
The calculation consists of 4 steps: (i) Derive an expression for the change of the action for each particle after a kick,
taking into account the balance between the tune spread and
the transverse feedback; (ii) Consider the change of action
as a Wiener process with a drift, and derive the FokkerPlanck equation for the particle density distribution of the
bunch [7]; (iii) Solve the Fokker-Planck equation to get the
time evolution of the distribution; (iv) Calculate numerically
the stability diagram with PySSD [8], as the distribution
evolves. This approach has the advantage that it is modular,
each step can be modified if necessary. Furthermore, the
4-step calculation may be applied to various sources of tune
spread. Here we shall discuss the case when the tune spread
is caused by Landau octupoles.
∗
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We apply normalized, canonical coordinates [9]
𝑥=

1
𝑋
√𝛽𝜀0

𝑝=−

1
√𝛽𝜀0

= √2𝐽 cos(𝜙) ,

(2)

(𝛼𝑋 + 𝛽 d𝑋
) = −√2𝐽 sin(𝜙) ,
d𝑠

where 𝑋 is the offset from the design orbit, 𝑠 is the position
in the beamline, 𝛼 and 𝛽 are Twiss parameters, 𝜀0 is the
initial beam emittance and 𝜙 is the canonical conjugate of 𝐽.
If a bunch is kicked by Δ𝑝 = 𝑘, the action changes to
𝐽𝑘 = 𝐽0 + 𝑘√2𝐽0 sin(𝜙0 ) + 12 𝑘 2 ,

(3)

where 𝐽0 and 𝜙0 are the action and phase of the particle
prior to the kick. There exists an expression for the subsequent emittance growth, when there is both a transverse tune
spread and a transverse feedback, and we will take a similar approach [10]. We refer to the centroid of the bunch as
𝑧 = ⟨𝑥⟩ + i⟨𝑝⟩, where the angle brackets signify the average
over the distribution. The tune of the centroid is 𝑄𝑐 , and
its transverse offset will each turn be reduced by a factor 𝑔,
called the gain. Assuming a perfect, immediate feedback,
the initial centroid offset 𝑧0 = i𝑘 will after 𝑛 turns be
𝑔 𝑛

𝑔

𝑛→∞

𝑧𝑛 = 𝑧0 ⋅e−i2𝜋𝑄𝑐𝑛 ⋅(1− 2 ) −−−−→ 𝑧0 ⋅e−i2𝜋𝑄𝑐𝑛 ⋅e− 2 𝑛 , (4)
with a damping time of 𝜏 = 2/𝑔 turns. It is assumed that the
reduction of the centroid amplitude due to the tune spread
is negligible compared to that of the transverse feedback.
The position of an individual particle, with a constant tune
of 𝑄𝑐 + Δ𝑄, is referred to as 𝑦 = 𝑥 + i𝑝. After many turns,
when the centroid tends to the origin in the limit 𝑛𝑔 ≫ 1, the
position will become
(1− 2 ) (1 − ei2𝜋Δ𝑄 ) ⎞
⎜𝑟0 +𝑧0 ⋅
⎟ ,
𝑦𝑛 = e−i2𝜋(𝑄𝑐+Δ𝑄)𝑛 ⎛
𝑔
1 − (1− 2 ) ei2𝜋Δ𝑄 ⎠
⎝
(5)
where 𝑟0 = 𝑥0 + i𝑝0 is the position prior to the kick, and
𝑦0 = 𝑟0 + 𝑧0 is the position just after the kick 𝑧0 . The change
of the action in the limit Δ𝑄 ≪ 1, 𝑛𝑔 ≫ 1 is thus
𝑔

𝑔 2

(1− 2 ) 4𝜋2 Δ𝑄2
𝑘2
𝑔
Δ𝐽 =
+ 𝑘√2𝐽0 (1− 2 )
2 ( 𝑔 )2 + (1− 𝑔 ) 4𝜋2 Δ𝑄2
2
2
𝑔

×

𝑔

cos(𝜙0 ) ( 2 ) 2𝜋Δ𝑄 + sin(𝜙0 ) (1− 4 ) 4𝜋2 Δ𝑄2
𝑔 2

𝑔

( 2 ) + (1− 2 ) 4𝜋2 Δ𝑄2

= 12 𝑘 2 𝐿 2 + 𝑘√2𝐽0 [𝑀 cos(𝜙0 ) + 𝑁 sin(𝜙0 )]

(6)

= 12 𝑘 2 𝐿 2 + 𝑘√2𝐽0 √𝑀 2 + 𝑁 2 cos(𝜙0 − atan( 𝑀
𝑁 )) ,
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OPTICS MEASUREMENTS IN THE CERN PS BOOSTER USING
TURN-BY-TURN BPM DATA
A. García-Tabarés Valdivieso, Universidad Complutense de Madrid, 28040 Madrid, Spain
P. K. Skoworonski and R. Tomás García, CERN, 1211 Geneva 23, Switzerland
Abstract
As part of the LHC Injector Upgrade Project the injection of the CERN PS Booster will be changed to increase
intensity and brightness of the delivered beams. The new
injection scheme is likely to give rise to beta beating above
the required level of 5% and new measurements are required.
Achieving accurate optics measurements in PSB lattice is a
challenging task that has involved several improvements in
both hardware and software. This paper summarizes all the
improvements that have been performed in the optics measurement acquisition system together with a brief summary
of the first results obtained.

INTRODUCTION
Several major changes will be performed in the PSB
within the LHC Injector Upgrade project (LIU) [1, 2]. PSB
is composed of four superimposed rings with the same nominal optics. We performed measurements in all 4 rings, but
limit this report to Ring 1 only because the results for all
rings are similar. Linac4 will accelerate H− ions instead of
protons that were delivered by the decommissioned Linac2.
The new injection scheme is based on the charge-exchange
injection principle [3, 4] that requires an orbit bump during the injection process. It will modify the optics due to
edge focusing of the bending magnets creating the bump and
eddy currents induced in the vacuum chamber during the
bump collapse. This perturbation becomes very important
for the highest intensity beams, for which the working point
at injection needs to be just above the half-integer tune due
the larger tune-spread that can exceed 0.5. This requires
minimization of the half integer resonance driving term, and
therefore a good control of the beta functions.
In preparation for the commissioning in 2020, the acquisition and control systems, as well as the analysis tools, have
been upgraded to increase accuracy of the optics measurements and corrections. The techniques and the tools developed for the LHC [5] were fully adapted for the PSB. They reconstruct the optical β-functions from frequency analysis of
turn-by-turn (TbT) beam position monitor (BPM) data using
two methods [6–8]. The first one, which is known as N-BPM
method [9, 10], computes β from measured phase advances
between BPM pairs (ϕ x,y,i j ). Subscripts x,y were added to
denominate horizontal and vertical plane, respectively. The
second one uses the amplitude of the oscillations [11]. We
refer to the β values from the respective methods as βφ and
β A.
Betatron oscillations are excited simultaneously in both
horizontal and vertical planes using kicker magnets. The
excitation can be applied either over a single turn if the

kicker magnet is ramped up and down within one turn or
it can be a continuous modulation close to the betatron frequency powering the kicker sinusoidally with the aid of
an external function generator. The latter is referred to as
AC dipole (ACD). In the PSB, ACD is implemented using
the transverse feedback system (TFB or ADT [12]) driven
by a dedicated waveform generator with a sine signal at a
frequency fexc . It is convenient to define QDx,y = ffexc
so
rev
the excitation frequency can be directly compared with the
tune. If the excitation is applied punctually, the maximum
induced transverse amplitude is limited by the maximum
kicker strength. In case of continuous modulation, the amplitude will depend on the angular kick strength, the distance
D
between QD
x,y and tune Q x,y (∆Q x,y = Q x,y − Q x,y ), and
the values of the β functions at the AC-dipole [13]. Both,
the amplitude of the driven oscillations and the number of
recorded turns, have an impact on the Fourier analysis resolution [8]. For excitation with a single kick the number of
turns available for the Fourier analysis is limited to several
hundreds due to the decoherence effect, which in the PSB
can not be corrected with sextupoles simultaneously in both
planes. Therefore, the ACD excitation was mostly used in
the presented measurements.
The power of the transverse feedback amplifiers has been
increased from 100 W to 800 W. However, for the purpose
of the optics measurements only half of the maximum power
can be used to limit the pollution from higher-order harmonics that reduces the accuracy of the measurements.
Faster analogue-digital converters (ADC) were installed
allowing all the BPMs to record data in turn-by-turn
mode [14] with a sampling rate 100 times faster that the
beam frev. A dedicated application for turn-by-turn data
acquisition has been developed for optics measurements. In
the previous application, the standard readout system had
a position granularity of 0.1 mm, allowing to reduce the
amount of transferred data by working with integers. The
new application acquires the raw ADC signals, calculates
the positions and applies the calibration factors such that the
granularity is limited only by number of bits in the ADCs.
This improvement has a direct impact on BPM resolution,
increasing it from an average of 0.05 mm to 0.03 mm.
The software tools for the LHC optics measurements and
corrections were fully adapted for CERN PS and PSB such
that turn by turn BPM data can be analyzed in an automatized manner. PSB software improvements consisted of:
model creation for the conditions under study, filtering and
cleaning of the acquired data [8], optimization of the optics
reconstruction algorithms and implementation of so called
segment-by-segment analysis that permits to propagate mea-
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MEASUREMENTS OF STRAY MAGNETIC FIELDS AT CERN FOR CLIC
C. Gohil1∗ , P. N. Burrows, JAI, University of Oxford, Oxford, United Kingdom
N. Blaskovic Kraljevic, D. Schulte, CERN, Geneva, Switzerland
B. Heilig, Mining and Geological Survey of Hungary, Tihany, Hungary
1 also at CERN, Geneva, Switzerland
Abstract
Simulations have shown that the Compact Linear Collider
(CLIC) is sensitive to external dynamic magnetic fields (stray
fields) to the nT level. Magnetic fields are not typically
measured to this precision at CERN. Past measurements of
the background magnetic field at CERN are limited. In this
paper new measurements are presented.

INTRODUCTION
The Compact Linear Collider (CLIC) [1] is a proposed
e+ e− collider, which targets an extremely small beam size
O(nm) at the interaction point. This makes CLIC susceptible
to the effects of external (referred to as stray) magnetic fields,
which primarily induce a relative offset between the colliding
beams. Only dynamic magnetic fields pose a danger as static
fields are removed by tuning. Simulations of sinusoidal stray
fields [2–5] have shown nT tolerances to remain within a
2 % luminosity loss budget.
To characterise the expected level of stray fields that CLIC
would experience, a campaign to measure a power spectrum
was initiated in 2016. These power spectra are expected to
be dependent on the local environment and therefore measurements on the CERN site are required. In 2017, the
background magnetic field on the CERN site was measured
to a sub-nT precision [3]. These measurements were done
with a single fluxgate magnetometer with a frequency range
of 0-20 Hz. However, this was not enough to measure the full
spectrum due to the limited frequency range of the sensor.
Measurements of the background magnetic field over the
frequency range 0.1-300 Hz in the vicinity of non-operating
accelerators are presented in [4]. In this paper further measurements over a wider frequency range are presented.

STRAY FIELD SOURCES
Sources of stray fields can be classified as man-made or
natural. Natural sources, such as the Earth’s magnetic field,
typically produce stray fields of frequencies less than 1 Hz.
Such stray fields can be effectively mitigated with the use
of a beam-based orbit correction. Stray fields from natural sources with frequencies greater than 1 Hz are typically
within the tolerance or occur infrequently (less than once
a month) [6]. Therefore, natural sources do not pose the
greatest danger for CLIC.
Man-made sources can either be an environmental source,
which is a piece of equipment that produces a stray field, but
is not an element of CLIC, or a technical source, which is an
∗

element of CLIC. Examples of environmental sources are the
electrical grid and railways. Other running accelerators can
act as an environmental source, particularly on the CERN
site where there are several running experiments. Technical
sources, such as RF systems, vacuum pumps and power
cables, pose the greatest risk. Technical sources are capable
of producing stray fields across a wide frequency range.
This paper focuses on measurements of environmental and
technical sources.

MAGNETIC FIELD SENSOR
The magnetic field sensor used was a three-axis fluxgate
magnetometer (Mag-13Z) produced by Bartington Instruments [7]. The specifications of this sensor are summarised
in Table 1.
Table 1: Mag-13Z Specifications [7]
Technical Parameter

Value

Unit

Frequency range
Noise level (at 1 Hz)
Resolution (24-bit DAQ)
Magnetic field range

0-1
<7
6
±100

kHz
√
pT/ Hz
pT
µT

ENVIRONMENTAL SOURCES
The Proton Synchrotron
The Proton Synchrotron (PS) is a 630 m circular accelerator on the CERN site. The PS injects protons into the Super
Proton Synchrotron, which then feeds the Large Hadron Collider. In this accelerator the bending magnets are pulsed
every 1.2 s.
A regular pattern was observed in the recorded magnetic
field at several locations in proximity to the PS. Previous
measurements [4] correlated the magnetic field to the pulsing
of the bending magnets in the PS ring.
The PS was modelled as a ring of 100 equally spaced
bending magnets each with a dipole field of the form [8]


C1
3
B(ρi ) =
ρ̂
−
ẑ
(1)
i
(ρi + C2 )3 2
where ẑ is a unit vector in the vertical direction, ρ̂i is a
unit vector pointing from the i th magnet to the measurement
location, ρi is the distance from the i th magnet to the measurement location and C1 and C2 are constants. The total
magnetic field measured at a single location is the summation of the dipole fields from each magnet,
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MITIGATION OF STRAY MAGNETIC FIELD EFFECTS IN CLIC WITH
PASSIVE SHIELDING
C. Gohil1∗ , P. N. Burrows, JAI, University of Oxford, Oxford, United Kingdom
N. Blaskovic Kraljevic, D. Schulte, CERN, Geneva, Switzerland
1 also at CERN, Geneva, Switzerland
Abstract
Simulations have shown the Compact Linear Collider
(CLIC) is sensitive to external dynamic magnetic fields (stray
fields) to the nT level. Due to these extremely tight tolerances, mitigation techniques will be required to prevent performance loss. A passive shielding technique is envisaged
as a potential solution. A model for passive shielding is
presented along with calculations of its transfer function.
Measurements of the transfer function of a promising material (mu-metal) that can be used for passive shielding are
presented. The validity of passive shielding models in small
amplitude magnetic fields is also discussed.

INTRODUCTION
The Compact Linear Collider (CLIC) [1] is a proposed
e+ e− collider, which targets an extremely small beam size
O(nm) at the interaction point. This makes CLIC susceptible
to the effects of external (referred to as stray) magnetic fields,
which primarily induce a relative offset between the colliding
beams. Only dynamic magnetic fields pose a danger as static
fields are removed by tuning. Simulations of sinusoidal stray
fields [2–6] have shown nT tolerances to remain within a 2 %
luminosity loss budget. Stray fields above the nT level have
been measured at several locations on the CERN site [4, 5]
therefore mitigation techniques will be required to prevent
significant performance loss.
A combination of active beam-based feedback and passive shielding is envisaged for CLIC. A mu-metal shield
is being considered for key areas of CLIC, specifically the
long transfer line in the Ring to Main Linac and drifts in the
Beam Delivery System.

PASSIVE SHIELDING
There are two mechanisms for magnetic shielding: eddycurrent cancellation, which occurs in materials with high
electrical conductivities and flux shunting, which occurs in
materials with high magnetic permeabilities [7]. Flux shunting is an effective mechanism for shielding static magnetic
fields and eddy-current cancellation is effective for timevarying magnetic fields. As only dynamic magnetic fields
are of concern to CLIC, eddy-current cancellation is the
more important shielding mechanism.
Of interest to this work is the amplitude transfer function
through a material, which is given by
TF( f ) =
∗

Bi ( f )
,
Bo ( f )

chetan.gohil@cern.ch

(1)

where Bo is the magnetic field outside of a shield, Bi is the
magnetic field inside and f is the frequency of the magnetic
field. This is similar to a standard quantity often calculated
for magnetic shields referred to as the shielding factor given
by


Bo ( f )
.
(2)
SF( f ) = 20 log10
Bi ( f )
In this paper, only the transfer function in Eq. (1) will be
calculated.
In general, electromagnetic finite element method codes
(e.g. Opera2D, CST Microwave Studios) are used to calculate transfer functions. However, for simple geometries
such as an infinitely long cylinder, it is possible to solve
Maxwell’s equations directly to find analytical formulas for
the transfer function. A methodology for analytical calculations is outlined in [8]. For a non-magnetic but electrically
conductive cylinder, the transfer function is given by
TF( f ) =

1
1+

j 2π f µ20 σrt

,

(3)

where µ0 is the magnetic permeability of free space, σ is
the conductivity of the cylinder, r is the inner radius of
the cylinder, t is the thickness of the cylinder and j is the
imaginary unit.

SENSORS AND MEASUREMENTS
Two three-axis fluxgate magnetometers (Mag-13) produced by Bartington Instruments, UK [9] were used to measure the transfer function of different materials. These sensors have a frequency response up to 5 kHz beyond which
measurements cannot be made.
By placing one sensor inside the shield and the other
sensor outside, the transfer function can be measured directly.
The transfer function is calculated as the frequency response
of the shield,
Pxy ( f )
TF( f ) =
,
(4)
Pxx ( f )
where Pxy ( f ) is the cross spectral density of the input signal
x to output signal y and Pxx ( f ) is the power spectral density
of the input signal. In measurements, the magnetic field
outside the material is the input signal x = Bo and the
magnetic field inside is the output signal y = Bi .

LHC BEAM SCREEN
A typical beam pipe in accelerators for particle colliders consists of O(1 mm) of steel with an inner coating of

MC5: Beam Dynamics and EM Fields
D03 Calculations of EM Fields - Theory and Code Developments

MOPGW082
293

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPGW083

LONGITUDINAL COUPLED-BUNCH INSTABILITY EVALUATION FOR
FCC-hh
I. Karpov∗ , E. Shaposhnikova, CERN, Geneva, Switzerland
Abstract
High-order modes (HOM) of the accelerating rf structures and other machine elements, if not suiciently damped,
can drive longitudinal coupled-bunch instabilities (CBI).
Their thresholds can be accurately obtained from macroparticle simulations using the detailed impedance model
containing many diferent contributions. This method, however, is very diicult to apply for synchrotrons with a large
number of bunches, as it is the case for the Future Circular
hadron-hadron Collider (FCC-hh) with up to 10400 circulating bunches per beam. In this paper the semi-analytical
approach is used for calculations of the instability thresholds
during the acceleration cycle of the FCC-hh. As the result,
we deĄne requirements for the HOM damping that would
be suicient to prevent development of longitudinal CBI in
the presence of weak synchrotron radiation damping.

INTRODUCTION
The Future Circular hadron-hadron Collider (FCC-hh)
is proposed to be built using the CERN infrastructure [1];
its main parameters relevant for the present work are summarised in Table 1. In this high-energy machine, synchrotron
radiation becomes non-negligible during the acceleration cycle and especially at the collision energy. As high-intensity
beams will be used in the FCC-hh, the evaluation of the
high-order modes (HOM) damping is necessary to avoid
longitudinal coupled-bunch instabilities (CBI).
Unlike electron-positron colliders where a strong synchrotron radiation damping can help in suppression of longitudinal CBI, in this machine we still need to rely on Landau
damping due to a synchrotron frequency spread, which depends on beam and machine parameters. They should be
carefully chosen to maintain single-bunch stability during
injection, acceleration, and physics. In this work, we Ąrst
present criteria which were used for the design of voltage and
emittance programs for the FCC-hh cycle. Then the thresholds of longitudinal CBI are evaluated and requirements for
HOM damping are deĄned.

RF AND BEAM PARAMETERS DURING
THE CYCLE
In high-energy accelerators, Landau damping (LD) provides single-bunch stability in the presence of the constant
inductive longitudinal impedance ImZ/n [2, 3] if
ImZ/n <
∗


2
F |η|E ∆Emax ∆ fs,max
f0 τb .
eIb
E
fs0

(1)

Here, F is the form-factor deĄned by particle distribution
in the bunch, η = 1/γt2 − 1/γ 2 the slip factor, γ the Lorentz
factor, Ib = eNp f0 the single bunch current, f0 the revolution frequency, and fs0 the frequency of small-amplitude
synchrotron oscillations,
2
fs0
=−

h f02 ηeVrf cos φs
2πE

,

(2)

with the rf voltage Vrf , and the synchronous phase φs . In
Eq. (1), ∆Emax is the maximum energy deviation in the
bunch, ∆ fs,max is the full synchrotron frequency spread due
to non-linearity of the rf Ąeld, τb = (φ2 − φ1 )/(2π frf ) is
the full bunch length, φ1 and φ2 are synchrotron oscillation
excursions in rf radians of the particle with ∆Emax .
In the present work we consider a stationary binomial
particle distribution in action-angle variables (J, ψ)

µ
J
1
Fµ (J ) =
1−
,
(3)
2πSµ
Jmax
∫
where the normalisation factor Sµ = Fµ (J )dJ , Jmax is
the action of the particle with ∆Emax and for short symmetric
bunches Jmax = π fs0 (π frf τb )−2 . The distribution function
with µ = 2 Ąts well to the bunch proĄles measured at Ćat top
and Ćat bottom in the Large Hadron Collider (LHC) [4, 5].
According to the measured loss of LD threshold on the LHC
Ćat top, the form-factor F = 0.21 [4, 5] and below it is
assumed to be the same for the FCC-hh.
The choice of the rf voltage program and beam parameters
during the cycle is based on an assumption for the inductive
impedance budget ImZ/n = 0.2 Ω. In the LHC, calculated
and measured ImZ/n = 0.09 Ω and it will be 20% more in
High-Luminosity LHC (HL-LHC) [5]. The threshold of
longitudinal CBI depends on τb , which for short symmetric
Table 1: Main Ring and Beam P PaPrameters [1]
Parameter
Circumference
Energy, E (injection/physics)
Transition gamma, γt
Energy loss at 50 TeV, USR
Longitudinal emittance
damping time at 50 TeV, τǫ
Bunch spacing, tbb
4σ Gaussian equivalent
bunch length at 50 TeV, τ4σ
Bunch intensity, Np
rf frequency, frf
Harmonic number, h

Unit
km
TeV
MeV/turn

Value
97.75
3.3/50
99.33
4.67

h

0.54

ns

25

ns

1.07

ppb
MHz

1.0 × 1011
400.79
130680
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BEAM LOADING COMPENSATION FOR THE FUTURE CIRCULAR
HADRON-HADRON COLLIDER (FCC-hh)
Abstract
The power consumption of the rf system can be minimised
by optimising the cavity detuning and the loaded quality factor. In high-current accelerators, the presence of gaps in the
ﬁlling results in a modulation of the cavity voltage along
the ring (transient beam loading) and as a consequence a
spread in the bunch parameters. In addition longitudinal
coupled-bunch instabilities can appear, caused by the cavity
impedance at the fundamental. Both issues can be mitigated
by using an rf feedback around the ampliﬁer and cavity, a
technique used in many high intensity machines including
the Large Hadron Collider (LHC). Compared to the LHC
machine, the energy increase and the radiation loss for the
Future Circular hadron-hadron Collider (FCC-hh) will be
larger, resulting in a synchronous phase deviating signiﬁcantly from 180 degrees. The solutions adopted for the LHC
must therefore be revisited. This paper evaluates several
beam loading compensation schemes for this machine.

INTRODUCTION
The Future Circular hadron-hadron Collider (FCC-hh)
is a high-luminosity machine envisioned in a new 100 km
tunnel in the Geneva area [1]. Interaction of its high-current
beam with the fundamental rf cavity impedance at frequency
around 400 MHz can result in transient beam loading issues and longitudinal coupled-bunch instability (CBI). The
former comes from non-uniform ﬁlling patterns with gaps
that are not negligible compared with the cavity ﬁlling time
τ = QL /(π fr ), deﬁned by the cavity resonant frequency fr
and the loaded quality factor QL . Without transient beam
loading compensation, the modulation of cavity voltage can
result in a variation of bunch-by-bunch parameters having
negative impact on the accelerator performance.
The longitudinal CBI threshold was evaluated for the FCChh in [2], but in general the obtained results cannot be applied for the fundamental rf cavity impedance [3]. This
is because its frequency is very close to one of the beam
spectral lines deﬁned by the bunch spacing tbb = 25 ns. At
the ﬂat-top energy of 50 TeV, however, the rf cavity bandwidth Δ fr = fr /(2QL ) ≈ 0.5 kHz for the case of minimised
power consumption without transient beam loading compensation [4]. As Δ fr is much smaller than the revolution
frequency f0 ≈ 3 kHz, the estimation of the longitudinal
CBI threshold can also be used for the fundamental mode
of the cavity. For Ncav = 24, the number cavities per beam,
with R/Q = 42.3  (in circuit deﬁnition) – the ratio of the
shunt impedance to the quality factor of the cavity fundamental mode – the total shunt impedance reaches 450 M.
It is signiﬁcantly higher than the 3 M threshold of longitu∗
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Figure 1: Synchronous phase during the FCC-hh cycle calculated using parameters from [2].

dinal CBI at 400 MHz for the number of particles per bunch
Np = 1.0 × 1011 [2]. Thus, the direct rf feedback [5] must
be used to reduce the impedance of the cavity fundamental
mode seen by the beam.
The direct rf feedback can also be used for the full or
partial beam loading compensation. In the Large Hadron
Collider (LHC), for example, the half-detuning scheme [6],
that keeps the amplitude and phase of the cavity voltage
constant, and the full-detuning scheme [7], for which only
the cavity voltage amplitude is constant, are both used in
operation. However, during the FCC-hh cycle, optimised for
longitudinal and transverse single-bunch stability [2, 8], the
synchronous phase signiﬁcantly deviates from 180 degrees
(see Fig. 1), which is not the case in the LHC. In the present
work, we reconsider beam loading compensation schemes
for the more general case of φs  π (hadron machine convention) and evaluate the required power.

TRANSIENT BEAM LOADING
The beam gaps in the ring ﬁlling pattern generate a modulation of the cavity voltage. In the present scenario, the
FCC-hh is ﬁlled with 10400 bunches grouped in 130 batches.
Two additional batches are reserved for pilot (low intensity)
bunches. The number of bunches in a single batch, deﬁned
by machine protection requirements, is 80. The length of
gaps between the butches is about 430 μs given by the injection kicker rise time [9]. To prevent damage of accelerator
components due to an asynchronous beam dump caused by
erratic ﬁring of the extraction kicker, a ﬁlling scheme with
four uniformly distributed 1.5 μs long abort gaps is planned
for operation [9].
If the rf generator is connected to the cavity via a circulator, the following equation relates complex phasors of
the generator current Ig , the cavity voltage V, and the rf
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INTENSITY DEPENDENT EFFECTS IN THE ILC BDS
P. Korysko∗ , A. Latina, CERN, Meyrin, Switzerland
P. N. Burrows, University of Oxford, Oxford, UK
Abstract
The International Linear Collider (ILC) is an electronpositron collider being considered for the post-LHC era. Its
Beam Delivery System (BDS) receives the beam from the
main linac. This beam is then focused to the nanometer
scale after going through collimators, beam diagnostic systems, strong magnets, etc. Effects such as wakefields due to
resistive-wall, BPMs and collimators make the system very
sensitive to the beam intensity. Understanding these effects
is crucial in order to demonstrate that the nominal beam size
at the Interaction Point (IP) can be reached in realistic scenarios. In this paper, results of the intensity dependence effects
in the ILC BDS, simulated with PLACET, are presented.

INTRODUCTION
The ILC Final Focus System is based on the local chromaticity correction technique [1] [2]. This system has been
tested and is used at the Accelerator Test Facility (ATF2) at
KEK [3]. Recent experiments at ATF2 show that the beam
intensity deteriorates the quality of the beam and hence
increases the beam size at the IP. Indeed, a vertical beam
size of 41 nm (compared to nominal goal of 37 nm) was
measured in 2016 at 10% of the nominal beam charge of
1.0 × 1010 𝑒− . The intensity dependence effects in the ILC
BDS is one crucial point to study for future linear colliders.
The following simulations will first focus on the impact of
realistic machine imperfections and corrections. Then, the
impact of wakefields on a train of 1312 consecutive bunches
will be presented.

This is a preprint — the final version is published with IOP

ILC BDS SINGLE-BUNCH SIMULATIONS
The ILC BDS was simulated with PLACET [4], a tracking
code which simulates the dynamics of a beam in a linac in the
presence of wakefields. It enables the investigation of singleand multi-bunch effects. The latest ILC lattice version was
used (31-Dec-2016). The Twiss functions and the ILC BDS
main parameters are shown in Fig. 1 and Table 1.
Table 1: ILC Beam Parameters
Parameter
Centre-of-mass energy
Number of bunches
Bunch population
RMS bunch length
Bunch separation
IP RMS beam sizes
∗

Symbol
𝐸𝐶𝑀
𝑛𝑏
𝑁
𝜎𝑧
Δ𝑡𝑏
𝜎∗𝑥 /𝜎∗𝑦

pierre.korysko@cern.ch

Value
500 GeV
1312
2.0 × 1010
0.3 mm
554 ns
474/5.9 nm

Figure 1: ILC BDS Twiss parameters calculated with
PLACET.
The efficiency of the Beam-Based Alignment correction
and knobs in the ILC BDS was studied with PLACET. A
Gaussian beam made of 2.0 × 1010 electrons and 30000
macro-particles is tracked from the entrance of the ILC BDS
to the IP. Each Cavity Beam Position Monitor (CBPM) generates a wakefield kick. The wakepotential of these CBPMs
was calculated using Gdfidl [5] and is shown on Fig. 2. Imperfections are taken into account: misalignment and roll
error of quadrupoles, CBPMs and sextupoles by respectively
50 μm rms and 200 μrad rms and quadrupole, sextupole
strength error of 1.0 × 10−4 . 100 machines were taken into
account and the same corrections as in ATF2 are applied: A
one-to-one correction that steers the beam and minimizes
the transverse displacements measured by BPMs. Then
Dispersion-Free Steering is applied, to cancel the unwanted
dispersion introduced by misaligned quadrupoles. This correction steers the beam through the center of the BPMs and
simultaneously minimizes the difference between the trajectories of two beams with different energies. Another correction is applied, the Wakefield Free Steering correction,
which minimizes the difference of orbits between beams
with different charges [6]. And finally, tuning knobs are applied at the IP. These knobs remove the correlations between
the following couples: < 𝑦, 𝑥 ′ >, < 𝑦, 𝑦′ >, < 𝑦, 𝐸 > and
< 𝑦, 𝑥 ′ × 𝑥 ′ >, < 𝑦, 𝑥 ′ × 𝑦′ >< 𝑦, 𝑥 ′ × 𝐸 > [7].
The impact of the corrections on the particle distribution
at the IP for one machine is shown in Fig. 3. In order
to show the impact of each single correction, the particle
′
distributions were centered plotting 𝑌 − 𝑌 ′ and 𝑌 − 𝑌. The
results of the corrections on the vertical beam size at the IP
for 100 machines are summarized in Table 2.
The average vertical IP beam size for 100 machines is decreased after each correction. One-to-one correction does
most of the work, then, DFS and WFS make the machine
less sensitive to energy and intensity changes, while they
decrease the IP beam size. The whole procedure reduces
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INTENSITY DEPENDENT EFFECTS AT ATF2, KEK
P. Korysko∗1 , A. Latina, CERN, Meyrin, Switzerland
P.N. Burrows, University of Oxford, Oxford, UK
K. Kubo, T. Okugi, KEK, Tsukuba, Japan
A. Faus-Golfe, LAL, Orsay, France
1 also at University of Oxford, Oxford, UK
Abstract
The Accelerator Test Facility 2 (ATF2) at KEK is a prototype for the Final Focus Systems of the future e+e- linear
colliders, the International Linear Collider (ILC) and the
Compact Linear Collider (CLIC). In this paper both simulation and experimental results are presented with special
emphasis on intensity-dependent effects. The importance of
these effects is shown using the PLACET code and realistic
ATF2 machine simulations (including beam jitter, misalignment, wakefield, Beam Based Alignment (BBA) correction).
The latest experimental results are also presented, in particular the impact of the beam intensity on the beam size at the
IP.

INTRODUCTION
In future linear colliders, one key parameter is to maximize the luminosity at the Interaction Point (IP). In order
to increase the number of collisions, it is beneficial to have
the smallest possible transverse beam size. One of the limiting parameter is the intensity (the number of particles in a
bunch, here electrons). Electrons traveling through the accelerator interact with the surrounding structure and create
an electromagnetic field, the wakefield. This field interacts
with electrons inside the same bunch (short-range wakefield)
but also with electrons in the following bunches (long-range
wakefield). In order to study the intensity-dependent effects
in future linear colliders such as CLIC [1] and ILC [2], experimental studies are run at ATF2 at KEK in Japan. The
facility is made of an injector, a linac, a Damping Ring (DR),
and the ATF2 beamline. The ATF2 beamline consists of 49
quadrupoles, 5 sextupoles, 7 dipoles, 4 skew quadrupoles, 22
correctors (12 in the vertical plane and 10 in the horizontal
one), and 38 beam position monitors (BPMs) (13 Stripline
BPMs and 25 cavity BPMs). The beamline comprises a 52
m long extraction line (EXT) and a 38 m long Final Focus
(FF) and matching section.
The ATF2 beamline was designed and built in order to fulfill
two goals:

INTENSITY-DEPENDENT EFFECTS
WITH PLACET
PLACET [3] is a code that simulates the dynamics of a
beam in a linac in the presence of wakefields, misalignments
and other imperfections. It allows one to investigate singleand multi-bunch effects. A number of correction schemes
are implemented to test what beam size growth one should
expect for given pre-alignment errors. The wakefield kick
is calculated assuming that the longitudinal profile of the
bunch is Gaussian. The wake used for ATF2 was calculated
with Gdfidl [4], an electromagnetic field simulator. The
main wakefield sources in the ATF2 beam line are cavity
BPMs [5], bellows and flanges. The geometry of the ATF2
C-Band dipole cavity is shown in Fig. 1. The wakepotential
is calculated considering a 7 mm long Gaussian bunch traveling through the element with an initial transverse offset
of 1 mm. The calculated wakepotential for the ATF2 cavity
BPM is show in Fig. 2. In the ATF2 line, cavity BPMs are
located at quadrupoles, shown in Fig. 3.

Figure 1: The geometry of the ATF2 C-band dipole cavity used
in GdfidL.

• Goal 1: Achievement of small beam size (37 nm).
Demonstration of the performance of the Final Focus
System based on local chromaticity correction;
• Goal 2: Control of the beam position. Demonstration
of the performance of the beam orbit’s stabilisation
with a nanometer precision at the IP.
∗
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Figure 2: Transverse wakepotential of the ATF2 cavity BPM in
V/pC/mm calculated with Gdfidl for a vertical offset of 1 mm,
Gaussian bunch length of 7.0 mm and 1 pC charge.
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GALACTIC AND GALACLIC: TWO VLASOV SOLVERS
FOR THE TRANSVERSE AND LONGITUDINAL PLANES
E. Métral† , CERN, Geneva, Switzerland
Abstract
GALACTIC and GALACLIC, two Vlasov solvers for
the study, in the transverse and longitudinal plane respectively, of single-bunch coherent oscillation modes, were
recently developed starting from the Vlasov equation and
using a decomposition on the low-intensity eigenvectors,
as proposed by Laclare and Garnier. The first Vlasov
solver was used for instance to shed light on the destabilising effect of resistive transverse dampers and the second helped understanding the details of the modecoupling behind some longitudinal microwave instabilities. Both theories are reviewed in detail, highlighting in
particular the similarities and peculiarities of the two
approaches.

INTRODUCTION
GALACTIC stands for GArnier-LAclare Coherent
Transverse Instabilities Code, while GALACLIC stands
for GArnier-LAclare Coherent Longitudinal Instabilities
Code. The two approaches are very similar and solve the
linearised Vlasov equation as discussed in Refs. [1]
and [2]. In Ref. [1], Laclare obtained very elegantly an
eigenvalue system to solve, but with the unknown frequency inside the matrix to be diagonalised and he proposed a procedure to solve it for the real part of the modefrequency shifts only, as will be reviewed in the next
section. However, the drawbacks of this method are on
one hand that it does not allow to follow the individual
modes and on the other hand it does not provide (at least
not straightforwardly) the imaginary part of the modefrequency shifts. The latter is very important to check
whether the beam is unstable or not. Figure 1 depicts the
case of a bunch interacting with a constant inductive impedance. From the real part of the mode-frequency shifts,
one cannot say a priori if the bunch is unstable or not (as
some modes cross each other) without looking at the
imaginary part. This is why the analysis has been reviewed, starting from the proposition from Garnier and
Laclare [2] to use a decomposition on the low-intensity
eigenvectors to obtain an eigenvalue system with the
unknown frequency outside the matrix to be diagonalised.
The final results, which are close to but not exactly the
same as obtained in Ref. [2], are compared to the results
from Laclare [1].

LACLARE’S APPROACH [1]
In Ref. [1], Laclare presented a very nice formalism
with a clear and similar procedure to treat both longitudinal and transverse planes, first for the low-intensity case
(i.e. when the modes can be treated independently) and
___________________________________________
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then for the general high-intensity case (when the modes
cannot be treated independently). One starts with the
single-particle motion, which is approximated by the one
of a harmonic oscillator with the corresponding beaminduced electromagnetic forces in the longitudinal and
transverse planes. Then, one looks at the spectrum of the
single-particle signal, which is a line spectrum (around
every harmonic of the revolution frequency, there is
an infinite number of synchrotron satellites m) centred at
0 for the longitudinal plane and at the chromatic frequency for the transverse plane. A distribution of particles
(particle density in phase space) is then considered and
expressed as a sum of a stationary distribution and a perturbation. The beam-induced electromagnetic force can be
expressed through the impedance, which is a complex
function of frequency, for both longitudinal and transverse
planes. In this respect, the case of the longitudinal plane is
a bit more involved as one has first to study the effect of
the impedance on the stationary distribution, which is
called the Potential-Well Distortion (PWD): a new fixed
point is then obtained, with a dependency on the bunch
intensity of the synchronous phase, the incoherent frequency, the effective (total) voltage and the bunch length.
Around the new fixed point, one writes the perturbation,
which is coherent with respect to the satellite number m.
Applying the Vlasov equation to first order, one ends up
with an eigenvalue system to solve. The result is an infinite number of modes of oscillation mq, with m the azimuthal mode number and q the radial one. The latter is
defined as q = |m| + 2 k (with k an integer between 0 and
infinity): with this definition, q represents the number of
nodes of the superimposed low-intensity standing-wave
patterns, which is a usual observable in particle accelerators. Finally, for the high-intensity cases (both in longitudinal and transverse), the final eigenvalue systems are
obtained by summing over all the modes m. They are
given in Ref. [1] by Eq. (196) for the transverse plane and
Eq. (124) for the longitudinal one, followed by the procedure to solve them. The results obtained from this approach are presented below in black in the different figures, as a function of a normalised parameter x, which is
given by
𝑥=

(1)

for the transverse (e.g. horizontal) plane, and
𝑥=

(2)

for the longitudinal plane. Here, 𝑍 𝑝 and 𝑍 𝑝 /𝑝 are
the horizontal (dipolar) and longitudinal impedances (at
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A TWO-MODE MODEL TO STUDY THE EFFECT OF SPACE CHARGE
ON TMCI IN THE “LONG-BUNCH” REGIME
E. Métral†, CERN, Geneva, Switzerland
Abstract
Using a two-mode approach for the Transverse ModeCoupling Instability (TMCI) in the “short-bunch” regime
(where the mode-coupling takes place between the modes
0 and – 1, such as in the CERN LHC), both a reactive
damper (ReaD) and Space Charge (SC) are expected to be
beneficial: the ReaD would shift the mode 0 up while SC
would shift the mode – 1 down, but in both cases the
coupling (and related instability) would occur at higher
intensities. However, the situation is more involved in the
“long-bunch” regime (where the mode-coupling takes
place between higher-order modes, such as in the CERN
SPS). As the ReaD modifies only the (main) mode 0 and
not the others, it is expected to have no effect for the main
mode-coupling. As concerns SC, it modifies all the modes
except the mode 0, and the result has been a subject of
discussion for two decades. A two-mode approach is discussed in detail in this contribution for the case of a single
bunch interacting with a broad-band resonator impedance
in the “long-bunch” regime. This model reveals in particular that in the presence of SC, the intensity threshold can
only be similar to or lower than the no-SC case.

INTRODUCTION
A fast vertical single-bunch instability has been observed for many years in the SPS above a certain intensity
threshold when the chromaticity is corrected [1]. It has
been studied in detail and many aspects of this instability
(which looked like a TMCI) could be reproduced by simulations, first without taking into account SC and then
taking also into account SC with different models. A
threshold close to the no-SC case was found and therefore
no (significant) stabilising effect from SC seemed to be
observed, as opposed to several theoretical predictions [26]. Using a simple model, which is the subject of this
paper, no beneficial effect was expected, as mentioned in
Ref. [7]. The fact that something seemed to be missing in
the currently most advanced theories was stressed again at
the recent workshop at FNAL in Spring 2018 [8] and
since then a new destabilising effect of SC was revealed [9]. New simulations were then performed and
analysed in detail, as well as new measurements in the
SPS, which confirmed the destabilising effect of SC [1].
With Ref. [9], a major step has been certainly achieved in
the understanding of the intricate effect of SC on transverse instabilities. The purpose of this paper is to present
the simple two-mode model, which was used in the past
to predict no beneficial effect of SC in the (very) longbunch regime, and to discuss it for the case of any SC
parameter. This paper is structured as follows: in the first
___________________________________________
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section, the case of SC only is reviewed. Then, the “shortbunch” regime is discussed to show that it is completely
different from the one of the “long-bunch” regime, which
is the main subject of this contribution. The final result of
this study is revealed in Fig. 4.

SC ONLY
SC only cannot lead to an instability but it shifts all the
head-tail modes downward, except the mode 0 (as the SC
force is expressed with respect to the centre of mass of the
bunch). In 1998, it was shown in Ref. [2], using an AirBag Square well (ABS) model that the shift of the headtail modes due to SC is given by
= −𝑞 ± 𝑞 + 𝑚 ,

(1)

where 𝑞 = Δ𝑄 / 2 𝑄 is the SC parameter (with
Δ𝑄 the absolute value of the SC tune shift and 𝑄 the
synchrotron tune) and where the + sign is used for 𝑚 ≥ 0
and the – sign for 𝑚 < 0 (𝑚 being the azimuthal head-tail
mode). Figure 1 shows the first head-tail modes as a function of the SC parameter, where it can be clearly seen that
a huge (beneficial) effect can be expected in the case of
an instability involving a coupling between both modes 0
and – 1, as SC pushes apart these two modes (see also
next section). When higher-order modes are involved, the
situation is more complex, and SC in this case is bringing
the modes closer to each other: a destabilising effect
could then already be anticipated.

Figure 1: Normalised mode-frequency shifts vs. the SC
parameter 𝑞 for the case of the ABS model [2].

“SHORT-BUNCH” REGIME
WITHOUT AND WITH READ OR SC
As discussed in Ref. [10], in the “short-bunch” regime
where the mode-coupling takes place between modes 0
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LONGITUDINAL MODE-COUPLING INSTABILITY: GALACLIC
VLASOV SOLVER VS. MACROPARTICLE TRACKING SIMULATIONS
E. Métral†, CERN, Geneva, Switzerland and M. Migliorati, University La Sapienza, Rome, Italy
Abstract
Following the same approach as for the recently developed GALACTIC Vlasov solver in the transverse plane
and taking into account the potential-well distortion, a
new Vlasov solver, called GALACLIC, was developed
for the longitudinal plane. In parallel, a new mode analysis was implemented for the post-processing of the results
obtained through macroparticle tracking simulations. The
results of the several benchmarks performed between the
two methods are presented.

age, h the harmonic number and �Q the RF phase of the
synchronous particle (cos �Q > 0 below transition and
cos �Q < 0 above). It is important to note that �, �O and
�Q depend on the bunch intensity due to the PWD. The
cases of CI and BBR impedances, above transition and
taking into account PWD, are depicted on Figs. 1 and 2
respectively, considering the same numerical values as
the ones used for the SBSC simulations discussed in the
next section.
10

GALACLIC (for GArnier-LAclare Coherent Longitudinal Instabilities Code) is a new Vlasov solver, which is
discussed (and compared to GALACTIC, for GArnierLAclare Coherent Transverse Instabilities Code) in
Ref. [1]. The purpose of this paper is to compare the results from GALACLIC to the ones obtained from the
macroparticle tracking simulation code SBSC [2] (as well
as BLonD [3] and MuSIC [4]) for the two cases of a Constant Inductive (CI) and Broad-Band Resonator (BBR)
impedances above transition, assuming a “Parabolic Line
Density” (PLD) longitudinal distribution [5].

Re ( Q ) / Qs0

INTRODUCTION

"#$

=

"#

× �()*

with

�()* =

"#
"#$

=

+
.

.

(2)

Here, the simplified case of a constant shape of the longitudinal distribution was assumed and �E � /� is the
longitudinal impedance (at the bunch spectrum line p),
Ib = Nb e f0 the bunch current (with e the elementary
charge, Nb the number of charges and f0 the revolution
frequency), � = �J �L the bunching factor with �L the
full (4 �) bunch length, �O the total (effective) peak volt______________________________________________
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In the case of a PLD longitudinal distribution [5], the
effect of the Potential-Well Distortion (PWD), which is
slightly different from the case of the “Parabolic Amplitude Density” (PAD) longitudinal distribution discussed
in Ref. [1], is given by (with Qs and Qs0 the intensitydependent and low-intensity synchrotron tunes respectively and Q the coherent synchrotron tune)
"

6

0.5

GALACLIC

"

8

0

Im ( Q ) / Qs0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

0.5

1.0

Nb [10

1.5

11

2.0

p/b]

Figure 1: Normalised (to the low-intensity synchrotron
tune) mode-frequency shifts from GALACLIC in the case
of a CI impedance, above transition, taking into account
the PWD and for a PLD longitudinal distribution [5], with
the parameters mentioned below: (upper) real part and
(lower) imaginary part.

SBSC
The SBSC code is a macroparticle tracking code (Single-Bunch Simulation Code) [2] for the longitudinal
plane. The beam and machine parameters used for the
benchmarks of this paper are the following (close to the
CERN SPS case): the relativistic mass factor is γ = 27.73,
the relativistic mass factor at transition is γtr = 22.77, the
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ALIGNMENT OF A MAGNETIC LATTICE BASED ON PARTICLE
TRACKING
K. P. Nesteruk∗ , C. Calzolaio, J. M. Schippers
Paul Scherrer Institut, Forschungsstrasse 111, CH-5232 Villigen PSI, Switzerland
Abstract
In calculations based on particle tracking in 3D magnetic
field maps alignment of the components of a magnetic lattice
is essential to obtain desired properties of beam optics. In
this contribution we propose a method to control and correct misalignments during the process of the beam optics
design. These misalignments would result from overlapping fringe fields of different field maps. The 3D field maps
are obtained from the software for electromagnetic calculations OPERA. The full 3D map is saved in the tracking
coordinate system and a ROOT (An Object Oriented Data
Analysis Framework) ntuple is then created for analysis. The
trajectory of the reference particle is calculated by means
of OPAL - open source code developed at the Paul Scherrer
Institute (PSI). The transverse magnetic field profiles allow
possible misalignments to be precisely determined and the
corresponding corrections to be calculated. Moreover, the
multipole content in discrete locations along the lattice can
be controlled by performing a polynomial fit, which calculates the magnetic field harmonics with respect to the
reference track. This method was used at PSI for a design of
a model of the magnetic lattice for a superconducting gantry
for proton therapy with a large momentum acceptance.

a beam optics system described by different magnetic field
maps.

PARTICLE TRACKING IN A 3D FIELD
MAP
There is a variety of software which can be used to track
particles in a magnetic field map. In our studies we used
OPAL [2] - an open source code developed at PSI which
allows particles to be tracked by time integration in field
maps. The 3D field maps were generated in the software
for electromagnetic calculations OPERA. Due to the overlapping field maps the magnets cannot be aligned based on
their individual maps and therefore tracking is needed. In
order to verify the alignment of the magnets particle tracks
have been recorded by “probes” in OPAL. We introduced
probes perpendicular to the reference track at some essential
locations of the lattice (Fig. 1). In the presented example, the

INTRODUCTION

Particle tracking in magnetic field maps is applied in a
number of problems in accelerator physics. It is especially
useful to verify the desired properties of previously designed
beam optics and to apply necessary corrections. One of the
challenges in the beam optics design is a proper alignment
of of the components of a magnetic lattice. Even a small
uncontrolled misalignment can significantly affect the optical properties of the lattice such as dispersion. At the
Paul Scherrer Institute (PSI) we designed a superconducting
gantry for proton therapy with a large momentum acceptance, as reported in [1]. Our specific beam optics was
extremely sensitive to misalignments and to reach the goal
of a very large momentum acceptance we performed precise calculations based on particle tracking in 3D magnetic
field maps. The magnetic field maps were overlapping so
that the magnets were locally affected by fringe fields of
their neighbouring magnets and consequently the magnetic
“center” was shifted in an individual magnet. In order to
check the thus introduced alignment errors by the tracking
and to apply necessary corrections, a simple method was
developed. This method, on which we report in this paper,
can be applied to any problem involving particle tracking in
∗
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Figure 1: OPAL tracking of the reference particle in a 3D
magnetic field map.
alignment of the three superconducting (SC) combined function magnets - two Dipole-Quadrupole-Sextupole (DQS)
magnets and one Quadrupole-Sextupole (QS) magnet - is
considered. When the reference particle hits the probe, the
global coordinates of this point are dumped to an output file.
At the end of the tracking the field map is dumped in the
same coordinates to another output file. From the precise location and angle of each probe, the transverse magnetic field
profile along each probe is well known. The post-processing
based on the mentioned output files is described in the next
section.
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CAPTURE AND FLAT-BOTTOM LOSSES IN THE CERN SPS
M. Schwarz∗ , A. Lasheen, G. Papotti, J. Repond, E. Shaposhnikova, H. Timko,
CERN, Geneva, Switzerland
Abstract
Particle losses on the flat bottom of the SPS, the last accelerator in the injector chain of the LHC at CERN, are a strong
limitation for reaching the high intensities required by the
high-luminosity upgrade of the LHC. Two contributions to
these losses are investigated in this paper. The first losses occur during the PS-to-SPS bunch-to-bucket transfer, since the
bunch rotation in the PS creates halo particles and the bunch
does not completely fit into the SPS RF-bucket. The effect of
longitudinal shaving in the PS on the beam transmission was
recently tested. At high intensities, further capture losses
are caused by beam loading in the main travelling wave RF
system of the SPS, which is partially compensated by the
LLRF system, in particular by the one-turn delay feedback.
While the feedforward system reduces the capture losses, it
also increases the losses along the flat bottom due to the RF
noise.

Figure 1: Simulated phase space density after PS bunch
rotation. The red dashed line indicates the SPS RF-bucket.
About 1% of the particles are in a halo outside the RF bucket.

INTRODUCTION
The High Luminosity LHC (HL-LHC) project requires
2.3 × 1011 protons per bunch (ppb) at injection. For the
SPS, the last accelerator in the injector chain, this requires
an injected intensity of 2.6 × 1011 ppb to account for a loss
budget of 10 % [1]. To achieve the HL-LHC goals, the LHC
Injectors Upgrade (LIU) program aims at improving the
performance of the entire LHC injector chain. The LIU
target intensity is a challenging goal for the SPS, since it
means a doubling of the present nominal LHC intensity
of 1.15 × 1011 ppb. Major limitations are instabilities and
intensity-dependent losses [2]. In this contribution, we focus on longitudinal losses in the SPS at injection and during
the flat bottom. Instabilities further degrade the beam quality and can develop at flat bottom, during ramp or at flat
top. Flat-bottom instabilities are discussed in [3], while instabilities during ramp and their mitigation were recently
considered in [4].

CAPTURE LOSSES
The PS is the injector of the SPS and its RF system operates at 40 MHz at extraction. However, the bunches with
nominal emittance of 0.35 eVs would not fit into the RF
bucket of the 200 MHz system of the SPS. To reduce their
length, bunches are rotated in longitudinal phase space before extraction. Due to RF non-linearities, the rotated bunch
has an ‘S’-shape [5], as shown for a simulated phase space
density in Fig. 1. Even though the main part of the bunch
with a length of 3.8 ns fits into the 5 ns RF bucket of the
SPS (dashed line), the RF bucket is completely full after
filamentation. Moreover, in the example of Fig. 1 about 1 %
∗
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of the particles reside in a halo outside of the RF bucket and
cannot be captured.

Measurement Technique
For capture loss estimation in the SPS, measuring the
beam intensity by a Beam Current Transformer (BCT) is
not sufficient. First, the resolution of the BCT is only 10 ms,
which is not enough to describe the capture losses that occur
during the first few milliseconds. Second, the uncaptured
particles are present in the SPS till the start of the ramp
and contribute to the BCT signal. Instead, we measure the
intensity with a wall current monitor and a fast oscilloscope
on a bunch-by-bunch basis by using the bunch profiles. The
bunch intensity is obtained by integrating the bunch profile
and calibrating against the BCT value at a time in the cycle
when the uncaptured beam is removed, e.g. at the beginning
of the ramp or after using a tune-kicker in the beam gap.
A systematic error of this method can come from uncaptured beam that drifts in phase space either above or below
the bucket, and, thus, contributes to the measured bunch
intensity.

Measurements
One method to measure the amount of halo particles
is the so-called longitudinal ‘bunch shaving’ during postacceleration at 40 MHz in the PS [6]. Unlike in normal
operation, the adiabatic RF manipulations, i.e. rephasing
and bunch splittings, are performed on a magnetic plateau
slightly below flat top. During the post-acceleration to flat
top, the constant RF voltage at 40 MHz creates a bottleneck in the longitudinal acceptance and shaves off large
synchrotron oscillation amplitude particles, which are then
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DESIGN STATUS OF DESY IV – BOOSTER UPGRADE FOR PETRA IV
H.-C. Chao∗ , DESY, Hamburg, Germany
Abstract

OPTIONS FOR INJECTOR UPGRADE

In PETRA IV project the on-axis injection scheme is
preferred since there is no suﬃcient dynamic aperture for
oﬀ-axis injection in ultra low emittance storage rings. The
challenge is the frequent preparation the injected bunches
with the smaller emittance and larger intensity. The current injector complex including the accumulator and booster
does not fulﬁll the requirements and thus will need refurbishments. The injector upgrade option chosen will be composed
of an upgraded electron gun, a higher energy LINAC, and
the new booster synchrotron DESY IV which has smaller
emittance. DESY IV will be located in the existing tunnel
of the current booster DESY II. The design of the lattice and
some simulation results are addressed in this article.

This is a preprint — the final version is published with IOP

INTRODUCTION
The PETRA IV project toward a diﬀraction limit synchrotron light source at 6 GeV features an ultra low emittance storage ring [1]. Its small dynamic aperture dismisses
the possibility of an oﬀ-axis injection and accumulation in
the storage ring. The on-axis swap out injection scheme is
the alternative solution [2, 3].
It requires the frequent preparation of the bunch with full
energy and full intensity prior the injection. The emittance
of the injected beam either from a booster or an accumulator must be small enough to ﬁt into the dynamic aperture.
Moreover, the beam lifetime of the storage ring is less than
PETRA III. It can be expected that the injection repetition
rate is more demanding to maintain the desired currents.
The main performance challenge of the new injector is the
delivery of as intense as 5.6×1010 particles (9 nC) per bunch
with a beam emittance less than 30 nm-rad [4]. The current
injector chain composed of an electron gun, the LINAC II
(450 MeV), the accumulator PIA, and the booster DESY II
does not fulﬁll the requirements. DESY II’s emittance is too
large (350 nm-rad) and the intensity limit of DESY II at 450
MeV is insuﬃcient. Therefore the injector complex needs
refurbishments. Important factors to be taken care of include
the uniformities of the bunch intensity and energy, good
injection eﬃciency, the cost and throughput. Beamlines for
Test Beam Facility [5] must be taken into account as well.
The other considerations are constraints from DESY’s site
plan and the project timeline.
This paper is organized as follows. Firstly various injector
upgrade options are discussed and the choice is made. Secondly the lattice and the layout of DESY IV are described.
Then the magnet speciﬁcations are listed. In addition, the
preparation of high intensity beam and the beam recycling
are discussed. Finally a short summary is given.
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Various options are discussed for the upgrade of the injector. The option of a full energy LINAC with high intensity
is very challenging, and it is not possible due to DESY’s
site constraints. On the other hand, one can add a dedicated
accumulator sharing PETRA’s tunnel while keeping the old
injector complex unchanged. Its emittance can be easily less
than 30 nm-rad. However this option is also not considered
because of the narrow tunnel and the high cost.
Due to constraints from DESY’s infrastructures, the only
possible place of the new ring where the beam to be injected
into PETRA IV is prepared is in the same tunnel as DESY
II. This new ring, named DESY IV, can function as an accumulator or a booster or both. One way is to accumulate the
beam in DESY II directly from LINAC II and then transport
the beam to DESY IV for the acceleration to 6 GeV. But this
conﬁguration will suﬀer from the low throughput. A better
way is to make DESY IV static at 6 GeV and just accumulate
the beam in it. However, both options are not ideal since
they are complicated systems involving the operations of
DESY II and DESY IV.
Another option is to upgrade LINAC II and PIA to higher
energy (e.g. 700 MeV) for the remedy for instabilities at low
energy and use DESY IV as a small emittance booster. But a
more straightforward solution is to acquire the full intensity
bunches from the upgraded photocathode gun without an
accumulator. By this way the complexity of the injector is
reduced and the particle loss is less because of one less beam
transportation. This option is our current baseline.
The capability to back-inject the swapped-out bunches
from PETRA IV to DESY IV is optional but it is included
in the design phase. There are two purposes for the backinjection. The ﬁrst is to use DESY IV as a recycler to dump
the beam. It takes the swapped-out bunches, ramps down
the energy, and dumps them at low energy. The second is
to re-use the recycled bunches to relax the workload of the
electron gun.

LATTICE AND LAYOUT
The current booster DESY II shares the same tunnel with
the abandoned proton synchrotron DESY III, which was
constructed for the HERA project. The remaining components of DESY III will be removed to install DESY IV. The
layout together with the current existing infrastructure is
shown in Figure 1. Unlike DESY II, DESY IV’s orientation
goes counter-clockwise. The previous P-WEG transport line
tunnel will be re-used for the booster to storage ring transport line. The current E-WEG transport line tunnel will be
changed as the storage ring to booster transport line, if it is
needed.
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OPTICS CALIBRATION FOR ROUTINE OPERATIONS IN TAIWAN
PHOTON SOURCE
F. H. Tseng†, P. J. Chou and C. H. Chen
National Synchrotron Radiation Research Center, Hsinchu, Taiwan, R.O.C.
Abstract

Table 1: Major Parameters of the DMB Lattice

To ensure a stable performance of Taiwan Photon
Source (TPS), we perform the calibration of accelerator
optics using LOCO (Linear Optics from Closed Orbit)
technique every month. After the optics and coupling
corrections, the rms beta beatings in both planes are
reduced to less than 1 %. The emittance coupling ratio is
also restored to within the design value.

Parameter
Emittance (nm-rad)
α1
α2
x/ y
σ (ps), RF = 3.2 MV
Natural Chrom. x / y

INTRODUCTION
The TPS light source is located in the NSRRC campus
in Hsinchu, Taiwan. The lattice structure of the storage
ring is comprised of 24 double bend (DB) cells and the
natural emittance is 1.6 nm-rad. It is a 6-fold symmetry
structure, i.e., 6 long straight sections (12 m) and 18 short
straight sections (7 m) for the accommodation of injection
elements, RF cavities and insertion devices (IDs). There
are two bending magnets, ten quadrupoles and seven
sextupoles in each DB cell [1-2].
The commissioning of TPS started in 2014 and the first
synchrotron light from the storage ring was observed on
December 31, 2014 [3]. The optics calibration started in
the beginning of 2015. In the mid-2015, we installed 2
superconducting RF cavities, 10 insertion devices and 9
additional quadrupoles in three long straights to reduce
the vertical betatron function in such long straights for
small gap undulators. This lattice structure is called the
double mini-betay (DMB) lattice [4]. The optical function
of the DMB lattice is shown in Fig. 1. The major lattice
parameters are shown in Table 1.

1.6
2.410-4
2.510-3
26.160 / 14.240
10.0
-74.7 / -28.7

RESULTS OF OPTICS CORRECTION
We started commissioning of DMB lattice in
September 2015. Lattice correction with LOCO [5]
procedure was needed because extra 9 quadrupoles were
added. Before the optics correction, the beta beating was
12.92 % rms in the horizontal plane and 7.35 % rms in
the vertical plane as shown in Fig. 2 and 3. After three
iterations, the beta beating was reduced to 1.23 % rms in
horizontal and 0.54 % rms in vertical, respectively.

Figure 2: Beta beating in the horizontal plane.

Figure 1: Optical functions of the DMB lattice.

Figure 3: Beta beating in the vertical plane.

_______________________________________________
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We used MATLAB-based high level applications [6-8]
to measure the beta and dispersion functions after LOCO
procedure as shown in Fig. 4-5. The vertical dispersion in
real machine is mainly due to the coupling. To correct the
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FIRST MACHINE DEVELOPMENT RESULTS WITH HL-LHC CRAB
CAVITIES IN THE SPS
L.R. Carver, C. Welsch, The University of Liverpool, Liverpool L69 7ZE, UK
A. Alekou, R. Appleby, The University of Manchester, Manchester M13 9PL, UK
G. Burt, J. Mitchell, The University of Lancaster, Lancaster LA1 4YW, UK
F. Antoniou, H. Bartosik, T. Böhl, R. Calaga, M. Carla’,
T. Levens, G. Papotti, CERN, CH-1211 Geneva, Switzerland
ABSTRACT

OPERATIONAL CONSIDERATIONS

Crab cavities are a critical component within the High
Luminosity upgrade project for the Large Hadron Collider
(HL-LHC). It is foreseen to use crab cavities in order to
compensate the geometric luminosity reduction factor (reduction of the luminous region at the Interaction Point [IP])
due to the beam crossing angle (required for minimizing
the impact of the long range beam-beam effects on the single particle beam dynamics) and increase the number of
collisions per bunch crossing. In 2018 the first beam tests
of crab cavities with protons were performed in the Super
Proton Synchrotron (SPS) at CERN. Two vertical superconducting cavities of the Double Quarter Wave (DQW) type
were fabricated and installed in the SPS to verify some key
components of the cavity design and operation. This paper
will present some of the first results relating to the proton
beam dynamics in the presence of crab cavities.

Information on the RF design of the cavities can be found
in Ref. [4]. The two superconducting CCs operate at 400
MHz [4] and are installed within the same cryomodule (CM).
The CM was installed in Point 6 of the SPS on a moveable
table. The CCs can therefore be moved in and out of the
beam path as needed without breaking the beam vacuum.
The SPS is a cycling machine with typical cycle times
ranging from 1 second to approximately 40 seconds. In order
to perform the desired CC manipulations within the existing
framework used to control the SPS, two longer-than-average
cycles were created specifically for the CC measurements.
The first cycle can take multiple Proton Synchrotron (PS)
injections and has a flat-bottom plateau of 19.2 s at the
injection energy of 26 GeV, and the second can take one PS
injection and then ramps from 26 GeV to 270 GeV where it
has a flat-top plateau of 26.6 s.
At the end of the injection period, the SPS main RF (at
200 MHz) is re-phased to become synchronous with the CC
RF signal (at 400 MHz). This to ensure that the phasing
between the beam and the CC is constant. Therefore the
beam will experience the same CC phase each turn.
During the experimental campaign, a range of beam and
machine parameters were used and can be found in Table 1.

INTRODUCTION
At present the colliding bunches in the Large Hadron Collider (LHC) do collide with a small crossing angle. This is
to minimise the long range beam-beam effects. The crossing
angle implies a luminosity decrease by reducing the overlapping parts of the two bunches. The High Luminosity - LHC
(HL-LHC) upgrade project will enhance the performance
of the LHC in a number of ways, one of which is to use a
crab cavity (CC) on either side of interaction point (IP) 1
and 5 [1, 2].
CCs can be used to provide a rotational kick (positive for
the head of the bunch and negative for the tail - or vice versa)
to restore the luminosity reduction introduced by the crossing
angle. In the local CC scheme, the bunches will still follow
an angle through the insertion region (IR) but will collide at
the IP head-on. CCs have been used in the past with leptons
at KEK [3], but they have never been used with protons.
There are many questions relating to the performance of
CCs with proton beams. As part of the HL-LHC program,
two superconducting CCs were fabricated and installed at
the SPS to facilitate testing of both the RF design of the
cavities and to provide experimental verification of some
important beam dynamics principles with protons.
Initially the SPS operation setup for the CC tests will be
described, then the different crabbing diagnostics will be
introduced and briefly compared. Finally, some of the initial
results of the CC test program will be shown.
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Table 1: The Range of Machine and Beam Parameters Used
During the Experimental Campaign
Parameter
Energy
Tune Q x, Q y
Chromaticity Q ′x, Q y′
Number of Bunches M
Bunch intensity Nb
Bunch norm. emit. εx, εy
Bunch length 26 GeV 4σt
Bunch length 270 GeV 4σt
CC Peak Voltage V1, V2

Value
26, 270
26.13, 26.18
2-5, 2-5
1-72
0.2-1.2
1.5-2.5, 1.5-2.5
2.75-3
1.4-1.8
1, 1

Unit
GeV
...
...
...
1011 p
µm
ns
ns
MV

CRABBING DIAGNOSTICS
There are several different ways to measure the effect of
the crab cavity on the proton beam. This can be with a direct
measurement of the intra-bunch offset or by recording closed
orbit shifts. Each method relies on the principle of making
a measurement of the bunch (or bunch slice) offset at one
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BEAM DYNAMICS SIMULATIONS WITH CRAB CAVITIES IN THE SPS
MACHINE∗
A. Alekou†1, 2 , R. B. Appleby2 , H. Bartosik1 , M. ’Carla1 , Y. Papaphilippou1 ,
1 CERN, Switzerland, 2 University of Manchester and Cockcroft Institute
Abstract
The LHC Upgrade, called High Luminosity LHC, aims
to increase the integrated luminosity by a factor of 10. To
achieve this, the project relies on a number of key innovative
technologies, including the use of superconducting Crab
Cavities with ultra-precise phase control for beam rotation.
A set of prototype Crab Cavities has been recently installed
in the second largest machine of CERN, the Super Proton
Synchrotron (SPS), that operated as a test-bed from May
to November of 2018. The tight LHC constraints call for
axially non-symmetric cavity designs that introduce high
order multipole components. Furthermore, the Crab Cavities
in the presence of SPS non-linearities can affect the long
term stability of the beam. This paper presents how the SPS
dynamic aperture is affected for different cavity, machine
and beam configurations.

INTRODUCTION
The High Luminosity LHC (HL-LHC) aims to
increase the instantaneous luminosity of LHC to
L ∼ 5 · 1034 cm−2 · s−1 and the integrated luminosity
from 300 fb−1 to 3000 fb−1 . Among other upgrades,
this will be achieved by reducing the beta function at
the Interaction Point (IP); however, the stronger focusing
unavoidably increases the crossing angle, which leads to a
reduction of the geometrical reduction factor and in turn of
the luminosity. To counteract this effect a Crab Crab Cavity
(CC) scheme will be employed that will rotate the bunches
just before arriving at the IP, allowing the full length of each
bunch to be seen by the colliding bunch.
Until recently, the CCs have only been tested with leptons
(KEK, Japan). Although they can introduce noise in the
accelerator through phase and amplitude jitter, which could
lead to beam degradation, this is not an important problem
for leptons as they undergo a natural beam-size dumping
through synchrotron radiation. However, this beam degradation could be a problem for hadrons and it was therefore
of paramount importance to test the validity of the scheme
before its installation in the LHC. With this in mind, a prototype set of vertical HL-LHC CCs was installed in SPS,
the second largest accelerator of CERN, which served as
a test-bed for the first CC experiments in the presence of
protons, from April to November 2018. The main results of
these experiments are described in [1].
Several effects can affect the long term stability of the proton beam (Dynamic Aperture, DA), including the high order
CC multipole components that result from the asymmetric
∗
†
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cavity designs (imposed by the tight HL-LHC space constraints), and the non-linearities of the SPS machine. This
paper presents the DA simulations performed for different
cavity, machine and beam configurations.

DA IN THE PRESENCE OF CC
MULTIPOLES
The DA in the SPS was studied for different CC multipole configurations, with the multipoles applied only on the
first CC. Note that other than the chromatic sextupoles (for
chromaticity correction), no other SPS non-linearities and
no aperture constraints were included. Given that the SPS
experiments were performed with different CC phase configurations, the simulations were done for a phase-cancelling
mode, where ϕ1 = 0o , ϕ2 = 180o , and an in-phase mode:
ϕ1 = ϕ2 = 0o . In the first case the effect of CC kicks are
cancelled out whereas in the latter they are added.
The SPS optics and beam parameters at the location of the
CCs are given in Table 1 and the CC multipole values [2] are
shown in Table 2. The simulations were performed for the
SPS injection energy, E = 26 GeV, as at this energy we have
the largest CC kick, with VCC = 2 MV, ∆p/p = 10−3 and
′ = 0.0. The indices 1, 2 indicate the first and second CC
Qx,y
respectively. The tracking simulations were performed using
MAD-X [3] and SixDesk [4] for 106 turns. Since the CCs
are vertical, quadrupolar and octupolar errors are normal
multipoles (b2, b4 ), whereas the sextupolar errors are skew
multipoles (a3 ).
Table 1: Parameter Table
Parameter
s-location [m]
f [MHz]
βx1, βy1 [m]
βx2, βy2 [m]
Qx , Qy
Einj [GeV]
γrel
ϵn,x , ϵn,y [µm· rad]
VRF [MV]
ϵs [eV · s]

Value
6312.7213, 6313.3213
400.528
29.24, 76.07
30.31, 73.82
26 .13, 26.28
26.00
27.71
2.50, 2.50
2
0.5

In Fig. 1 (top) it can be seen that there is a complete
overlap between the cases in the absence and presence of
phase-cancelling CCs, both in the absence of CC multipoles
(black and orange lines respectively; note that the black line
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BEAM DYNAMICS IN MBA LATTICES WITH DIFFERENT
CHROMATICITY CORRECTION SCHEMES ∗
L. Hoummi †, J. Resta Lopez and C. P. Welsch, University of Liverpool, Liverpool, UK and
Cockcroft Institute, Daresbury, UK
A. Loulergue, R. Nagaoka, Synchrotron SOLEIL, Saint-Aubin, France
Abstract
Ultra-low emittance lattices are being studied for the future upgrade of the SOLEIL 2.75 GeV storage ring. The
candidate baseline lattice is inspired by the ESRF-EBS type
MBA lattice, introducing a −I transformation to compensate the nonlinear impact of sextupoles thanks to the lattice
symmetry and tight control of the betatron phase advance
between sextupoles. Whilst its performance is under study,
other types of lattices are being developed for SOLEIL: in
particular, the so-called High-Order Achromat (HOA) lattice. Though the −I scheme provides a large on-momentum
transverse dynamic aperture in 4D, its off-momentum performance is limited. Further studies in 6D reveal intrinsic
off-momentum transverse oscillations, which are considered
to result from of a nonlinear increase of the path length. The
effect of the inhomogeneous sextupole distribution in the
−I scheme shall be presented and compared with the HOA
lattice under study.

INTRODUCTION
Towards the 4th generation of storage ring-based light
sources, several ultra-low emittance lattices are considered
to increase the brilliance of the photon sources. Due to being
an upgrade, both circumference and energy are fixed for the
existing machines: low emittance thus is obtained by MBA
cells and strong focusing, leading to small dispersion and
large natural chromaticity whose correction must now be
integrated as a part of the lattice design.
Two chromaticity correction schemes are considered for
the SOLEIL upgrade. The baseline lattice [1] uses the −I
transformation, setting a ((2k + 1)π, nπ) phase advance between two sextupoles (with k, n integers) for kick cancellation and optimised on-momentum acceptance, along with
dispersion bumps at the location of the sextupoles for their
increased efficiency and for global chromaticity correction.
By contrast, local chromaticity correction is the aim of the
so-called HOA lattice [2], built in several identical small
cells, where phase advance is chosen to cancel geometric
resonances over the MBA cell. Table 1 gathers the main
characteristics of both lattices.
Despite its large on-momentum acceptance, the baseline
lattice which is based upon the −I transformation principle,
presents a reduced effective dynamic aperture, as shown in
Fig.1 when the synchrotron motion is taken into account in
∗
†
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the tracking [1]: a strong coupling between the longitudinal
and the transverse planes makes a particle go off-energy
each turn – by increased path length, and falls out of the
off-momentum acceptance. Such an effect is not explicitly
seen in the HOA lattice.
4.5
4
3.5
3
y (mm)
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Figure 1: Transverse on-momentum dynamic aperture of
a −I cell, with natural chromaticities. In red, the lattice
without RF, in blue, RF system added, with a voltage of 1.1
MV.

To understand this effect, and in order to reduce it, the
path lengthening due to large amplitude betatron motions is
studied in both lattices. The concerned effect depends on
the chromaticity (ξx, ξy ) in both planes [3]:
∆C = −2π(Jx ξx + Jy ξy ),

(1)

where Jx and Jy are the horizontal and vertical action variables, respectively. The path length of both schemes is deTable 1: Lattices Characteristics
Chromatic correction
scheme
Energy
Symmetry
Tunes (νx, νy )
Natural emittance
ϵx (pm rad)
Momentum
compaction factor αC
Energy spread

−I

HOA

2.75 GeV
20
(55.2, 18.2)
72

2.75 GeV
20
(65.6, 24.6)
77

1.47E-4

1.09E-4

8.6E-4

7.8E-4
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SOLEIL STORAGE RING UPGRADE PERFORMANCE IN PRESENCE OF
LATTICE IMPERFECTIONS
A. Vivoli†, A. Bence, P. Brunelle, A. Gamelin, L. Hoummi, A. Loulergue, L. S. Nadolski, R. Nagaoka, M.-A. Tordeux, Synchrotron Soleil, Saint-Aubin, 91192 Gif-sur-Yvette, France
Abstract
The design for the upgrade of the SOLEIL third generation light source is progressing. At the present stage, different lattices are evaluated as possible candidates for the
storage ring upgrade and an important factor for the comparison of their performances is the robustness against
lattice imperfections. The strategy for this study consists
in defining a set of misalignments of the lattice elements
and field errors of the magnets that are expected to be
attained after the commissioning, applying them to the
lattice models and correcting them using response matrix
based techniques. A dedicated algorithm was developed in
Accelerator Toolbox in order to accomplish this procedure and compare the different lattices. In this paper the
results of this study at the current state are presented,
including the considered lattice imperfections, the correction method applied and the final performance of the
lattices.

mation of the coordinates, in order to cancel part of their
nonlinear effects. The other type considered is the Higher
Order Achromat (HOA), where the local corrections of
nonlinearities give rise to a more uniform distribution of
sextupoles along the cell. The first lattice considered is
composed of 20 cells of Hybrid type, while the second
one is composed of 20 HOA cells. A plot of the layout
and optics of the Hybrid cell is given in Fig. 1, while in
Fig. 2 the same plot for the HOA cell is presented. Some
parameters of the 2 lattices are reported in Table 1.

INTRODUCTION
Synchrotron SOLEIL officially started the works for
the preparation of the Conceptual Design Report (CDR)
of the SOLEIL Upgrade, to be published at the end of
2020. The project includes considerable changes to the
accelerator complex and especially to the storage ring.
The goal of the project is to reach a beam horizontal emittance below 100 pm rad conserving most of the filling
patterns and the operation modes currently employed. The
energy will also remain at 2.75 GeV, as today. The different lattices considered for the storage ring upgrade are
compared in view of the final choice. To evaluate their
robustness against lattice imperfections, the alignment
and field errors introduced into the model lattices are
chosen to simulate the residual lattice errors remaining
after commissioning. The simulation of the commissioning will be realized in a second moment. The tested lattices up to this point, including the allocation of correctors
and BPMs for the correction procedure, will be discussed
below, and then a list of the errors applied to the models
will be given, followed by a description of the correction
procedure applied with the results obtained. The work
presented in this paper is realised using Accelerator
Toolbox (AT) 2.0 [1].

STUDIED LATTICES
The lattices considered for the Upgrade consist of Multi-Bend Achromat (MBA) periodic cells of 2 different
types. In the “Hybrid” cell type, sextupoles are located in
the 2 dispersion bumps at both sides of the cell, with
sextupoles of each family separated by a –I transfor____________________________________________
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Figure 1: Layout and optics of the Hybrid cell.

Figure 2: Layout and optics of the HOA cell.
Table 1: Some Features of Hybrid and HOA Lattices
Lattice
Circumference
N. of cells
Nat. emittance
Nat. energy spread
Nat. bunch length
Betatron tunes
Chromaticity

Hybrid
355.8 m
20
72.2 pm
8.63 10-4
3.7 mm
55.2 , 18.2
1.6 , 1.6

HOA
354.2 m
20
76.3 pm
7.75 10-4
2.5 mm
65.2 , 23.2
1.6 , 1.6

Recently, in the effort of better fitting the Upgrade lattice to the constraints coming from the beamlines, new
lattices have been taken under consideration. One of those
is created by grouping together 5 Hybrid cells and applying the necessary changes generating a new periodic cell.
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ITERATIVE TRAJECTORY-CORRECTION SCHEME FOR THE EARLY
COMMISSIONING OF DIFFRACTION-LIMITED LIGHT SOURCES
Ph. Amstutz∗ , T. Hellert
Lawrence Berkeley National Lab, Berkeley, United States
Abstract
The commissioning of diffraction-limited light sources
will be significantly affected by the fact that typical lattice
designs rely on very strong focussing elements in order to
achieve the small emittance goals. Especially in the earlycommissioning phase this can render procedures successfully used in the commissioning of existing third-generation
light sources ill-suited for the application to these new machines. In this contribution we discuss an iterative approach
to the early trajectory correction, based on the well-known
pseudo-inversion of a trajectory-response matrix. Measuring
this matrix during early commissioning can be cumbersome,
so that an algorithm working with the model response matrix
of the lattice is desirable. We discuss the stability of the iteration in the presence of lattice errors, resulting in differences
between the actual and the model response matrix. Further,
Tikhonov regularization is investigated as a means to trade
off the RMS trajectory variation against the strength of the
required corrector kicks.

INTRODUCTION
Trajectory control based on the inversion of the so-called
response matrix (RM) is a standard tool, widely used in
the operation of particle accelerators. In this paper we will
investigate a problem which arises when the same approach
is to be applied to a machine that is not yet in nominal operation but is just in the early stages of its commissioning.
In this uncorrected state the machine can not be expected
to provide full transmission, let alone a beam life time long
enough to allow for the time efficient measurement of the orbit response matrix. Any initial trajectory correction scheme
therefore has to employ an idealized response matrix, calculated from the lattice model. Even if the lattice does not
contain non-linear magnetic elements, the beam trajectory
will still exhibit a non-linear behavior with respect to the
corrector kicks, as they are limited in the maximum kick they
can provide. As a result, the solution obtained by a naive
inversion of the response matrix might not be physically realizable as it might involve corrector settings that exceed this
limit. Therefore, regularization of the inverse response matrix is in order. Another type of non-linearity to consider is
driven by the finite physical aperture of the beam pipe. If the
beam gets lost due to insufficient trajectory correction it will
not reach BPMs further downstream, which then can not produce a meaningful reading. These non-linearities together
with noise and the inevitable differences between this model
response matrix and the actual behavior of the machine drive
the need for an iterative correction scheme. In the past, such
∗
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schemes typically employed an empirically chosen subset
of corrector magnets and matrix regularization, both varying between correction steps [1, 2]. In contrast, we present
a less intricate correction scheme, based on the Tikhonov
regularized pseudo-inverse of the complete response matrix.
Iterative adjustment of corrector kicks based on a flawed
response matrix can, however, generally not be expected to
be stable. The stability of such an iteration is analysed in the
linear case, taking into account a generalized regularization
of the inverse response matrix.

FORMALISM
Let R® : RC → RB be the response function relating the
settings φ® of the C ∈ N>0 corrector magnets (CMs) to the
readings r® of the B ∈ N>0 beam position monitors (BPMs):
® φ),
® ordered with respect to their longitudinal position
r® = R(
in the lattice. Time-dependent effects (such as noise or the
variation of experimental parameters other than the settings
of the corrector magnets) are not treated at this point. The
® : RB → RC so that the
task is to find a feedback function Φ
iteration
® rn )
φ®n+1 = φ®n − Φ(®

(1)

® φ®n ),
r®n = R(

(2)

® ◦ R®
or, equivalently, with T® := Id − Φ
® φ®n ),
φ®n+1 = T(

(3)

converges to a corrector setting φ®∗ which yields full transmission through the machine, small variations in r®∗ , while
preferably using small corrector kicks.
Non-linearities from limitations on the maximum corrector kicks φ®max and the possibility of beam loss, can be
included by defining componentwise
(
® ®
® ®
®
® φ®n )| ® := T(φn )i if |T(φn )i | ≤ φmax ,i
T(
(4)
φmax
φ®n,i
else
and replacing R® in T® by
(
® ®
® r® (φ®n ) := R(φn )i
R|
max
0

® φ®n ) j | ≤ r®max, j
if | R(
else

∀j ≤ i

.

(5)
Equations (4) and (5) formalize the problem of threading a
beam through a beam pipe with limited physical aperture
using only a limited amount of corrector kicks, where beam
loss is modelled to occur if the trajectory exceeds a threshold
at one of the BPMs.
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VLASOV-FOKKER-PLANCK SIMULATIONS OF PASSIVE
HIGHER-HARMONIC CAVITY EFFECTS IN ALS-U*
G. Bassi†, Brookhaven National Laboratory, Upton, USA
Table 2: HHC Design Options and Settings
Optimal HHC

Abstract
We discuss numerical simulations of the Vlasov-FokkerPlanck equation to model passive higher-harmonic cavity
(HHC) effects with parameters of the Advanced Light
Source Upgrade (ALS-U). The numerical results, obtained
with the SPACE code, are compared with a modal analysis
of the coupled-bunch instability theory.

INTRODUCTION
The option to reutilize the existing Advanced Light
Source (ALS) normal conducting higher-harmonic cavities
(HHCs) for the ALS Upgrade (ALS-U) is discussed in [1].
Optimal and stable conditions for bunch lengthening are
met with one cavity and 𝑅
1.35 MΩ, however the
12.6 kW exceeds the cavity limit
power loss 𝑃
(~5 kW). Reusing two of the ALS 3rd-harmonic cavities,
1.7 MΩ, the power loss
whose shunt impedance is 𝑅
per cavity is 𝑃 5.1 kW, within the cavity limit. However,
the two ALS HHC system is shown to be unstable, with the
longitudinal coupled-bunch mode 𝜇 1 exhibiting a fast
growth [1]. Besides considering a newly designed HHC
system, in [1] it is suggested that the addition of the third
ALS HHC in bunch-shortening mode might be a solution
to stabilize the HHC system.
Table 1: ALS-U v20r Lattice Parameters

Average current
Momentum compaction
Natural energy spread
Energy loss per turn
Synchronous phase (no HHCs)

Symbol
𝐶
𝜔 /2𝜋
𝐸
𝐼
𝛼
𝜎
𝑈
𝜙

Value
196.5
1.526
2
500
2.11
0.943
0.217
158.784

Harmonic number
Main rf cavity frequency
3rd-harmonic frequency
Main cavity voltage
Natural rms bunch length
Synchrotron tune (no HHCs)
Synchrotron freq. (no HHCs)
Long. radiation damping

ℎ
𝜔 /2𝜋
𝜔 /2𝜋
𝑉
𝜎
𝜐
𝜔 /2𝜋
𝜏

328
500.417 MHz
1501.251 MHz
0.6
MV
3.54
mm
1.75
2.68
kHz
14
ms

Ring circumference
Revolution frequency
Beam energy

Unit
m
MHz
GeV
mA

MeV
deg

HHC shunt impedance
HHC quality factor
HHC tuning angle
HHC resonance frequency
HHC tuning
HHC power loss
Rms bunch length

Symbol
𝑅
𝑄
𝜓
𝜔 /2𝜋
Δ𝜔 /2𝜋
𝑃
𝜎

Value
1.35
20000
1.419/81.3
1501.496
245
12.6
14.24

Unit
M
rad/deg
MHz
kHz
kW
mm

Two ALS HHCs
HHC shunt impedance*
HHC quality factor
HHC tuning angle
HHC resonance frequency
HHC detuning frequency
HHC power loss*
Rms bunch length

Symbol
𝑅
𝑄
𝜓
𝜔 /2𝜋
Δ𝜔 /2𝜋
𝑃
𝜎

Value
3.4
21000
1.510/86.5
1501.835
584
5.1
14.7

Unit
M
rad/deg
MHz
kHz
kW
mm

* Total

Table 3: Main Cavity Parameters
Main shunt impedance
Main quality factor
Beta coupling

Symbol
𝑅
𝑄
𝛽

Value
5
40000
3

Unit
M
MHz

COMPLEX FREQUENCY SHIFT
In [1] the growth-rate of the coupled-bunch mode 𝜇 1
is calculated by linearizing the Vlasov equation about the
exact numerical solution of the unperturbed particle motion at equilibrium, leading to a dispersion-relation equation, Eq. (22) of [1], which is then solved numerically.
In this paper we follow the mode analysis presented in
[2]. Assuming the centroid 𝑧 (here 𝑧 should be understood as 〈𝑧 〉) of 𝑀 ℎ bunches performing small rigid dipole oscillations, and making for the time evolution of the
coupled-bunch mode 𝑧̃
𝑧̃ 𝑡
𝑧

𝑡

𝑧
1
𝑀

𝑡 𝑒
𝑧̃ 𝑡 𝑒

,

1
,

2

the following ansatz
𝑧̃ 𝑡

𝑎 𝑒

,Ω

𝜔

𝑖𝜔 , 𝜔

𝜏

,

3

___________________________________________
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BYPASS DESIGN FOR TESTING OPTICAL STOCHASTIC COOLING AT
THE CORNELL ELECTRON STORAGE RING (CESR)
W. F. Bergan∗ , M. B. Andorf, M. P. Ehrlichman1 , V. Khachatryan,
D. L. Rubin, and S. Wang, Cornell University, Ithaca, NY, USA
1 now at Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA, USA
Abstract
Optical Stochastic Cooling (OSC) is a promising method
for cooling very dense stored particle beams through the
interference of radiation created in an upstream ‘pickup’
wiggler and a downstream ‘kicker’ wiggler. By correlating
a particle’s path length via a bypass between the two wigglers with its betatron coordinates in the pickup, the particle
will receive a kick in energy which, through coupling introduced by non-zero horizontal dispersion in the kicker, can
reduce its betatron amplitude, thus cooling the beam. A
proof-of-principle test of this technique is being planned at
the Cornell Electron Storage Ring (CESR). In addition to
maintaining standard requirements such as a large dynamic
aperture and acceptable lattice functions throughout the ring,
the design of the bypass is guided by the mutually competing
goals of maximizing the cooling rate while maintaining a
suﬃciently large cooling acceptance with properly-corrected
nonlinearities. We present a design of such a bypass and
ring optics so as to best achieve these objectives.

INTRODUCTION
Stochastic cooling at microwave frequencies has proven
eﬀective at reducing the emittance of hadron beams. The
promise of optical stochastic cooling (OSC) is to operate at frequencies in the visible region of the spectrum
(∼ 400 THz), corresponding to an increase of bandwidth
of 104 [1]. We will focus our attention on transit-time OSC
[2]. This method uses two wigglers with separate paths in
between them for the travel of the light and the beam. The
beam produces radiation in the ﬁrst wiggler (the pickup),
and subsequently travels along the beam bypass to the kicker,
while the radiation travels through the light bypass, which
may include an optical ampliﬁer. We choose the lengths
of the beam and light bypasses so that a particle travelling
on the reference trajectory will arrive in the kicker at the
zero-crossing of its own radiation, and so will not receive
any energy kick. The optics of the beam bypass are arranged
so that if the electron does have some transverse phase space
oﬀset, it will traverse the bypass either faster or slower than
the ideal particle, and so will see a non-zero electric ﬁeld
in the kicker wiggler from its own radiation. This will provide either a positive or negative energy kick, which, when
coupled to the transverse phase space through dispersion,
will tend to cancel out the particle’s initial oﬀset. Repeated
passage through such a device will provide a net cooling
eﬀect to the beam.
∗
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In order to demonstrate the feasibility of such a method,
an OSC system will be installed in the Cornell Electron Storage Ring (CESR). Although the storage ring has recently
been upgraded to operate at 6 GeV as a light source [3], its
ﬂexible optics enable it to be used at lower energies as a
testbed for accelerator technology. We will install two helical wigglers in the northern portion of the ring and use the
existing intervening magnets as the beam bypass, providing
a total bypass length of 71 meters between the centers of the
wigglers, as seen in Fig. 1. Our test of OSC will take place
at 1 GeV. At this energy, the OSC damping rate is comparable to the damping rate from synchrotron radiation and we
therefore expect a measurable reduction in the beam emittance. Additionally, the beam current is set low enough to
avoid the inchorent kick contributions [4] while still having
suﬃcient charge for beam instrumentation. We use wigglers
with a period of 32.5 cm and ﬁeld strength of 0.14 T, providing radiation of 800 nm, well-suited for ampliﬁcation by
a Titanium-sapphire ampliﬁer [5].
In transit-time OSC, the optics of the beam bypass are
critical to achieving proper performance. In addition to
providing the required path lengthening between pickup
and kicker, the bypass optics also introduce dispersion in
the kicker, which is necessary for horizontal cooling as discussed above. These parameters must be chosen to provide
cooling from the OSC process that we can distinguish from
the omnipresent radiation damping. Moreover, due to the
sinusoidal nature of the radiation, the kick will switch signs
when the particle’s path length is changed by more than half
a wavelength. Thus, for a given set of bypass optics, there
is a maximum amplitude that will be cooled [6, 7]. The
delay in the bypass will depend not just on the horizontal
phase space coordinates of the particle, but also on its energy,
which imposes an energy acceptance. These acceptances
have both linear and nonlinear components. Nonlinear path
lengthening is compensated by sextupoles within the bypass [8], and these sextupoles inevitably impact the dynamic
aperture of the ring.

LINEAR OPTICS
In transit time OSC, the quantities of interest, such as
the transverse cooling rate and the energy and emittance
acceptances, are derived in [9]. In the case of transverse
cooling, the energy acceptance is
(Δp/p)max =

μ0
k(M56 + M51 η + M52 η )

(1)

the emittance acceptance is

MC5: Beam Dynamics and EM Fields
D01 Beam Optics - Lattices, Correction Schemes, Transport

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPGW104

EQUILIBRIA AND SYNCHROTRON STABILITY IN TWO ENERGY
STORAGE RINGS*
B. Dhital#1,2, J.R. Delayen1,2, Ya.S. Derbenev2, D. Douglas2, G.A. Krafft1,2, F. Lin2,
V.S. Morozov2, Y. Zhang2
1
Center for Accelerator Science, Old Dominion University, Norfolk, VA, 23529, USA
2
Thomas Jefferson National Accelerator Facility, Newport News, VA, 23606, USA
Abstract
In a dual energy storage ring, the electron beam passes
through two loops at markedly different energies EL, and
�� , i.e., energies for low energy loop and high energy loop
respectively. These loops use a common beamline where a
superconducting linac at first accelerates the beam from EL
to EH and then decelerates the beam from EH to EL in the
next pass. There are two basic solutions to the equilibrium
problems possible, i.e., “Storage Ring” (SR) equilibrium
and “Energy Recovery Linac” (ERL) equilibrium. SR
equilibrium mode more resembles the usual single loop
storage ring with strong synchrotron motion and ERL equilibrium mode is the case where RF in two beam passes
nearly cancels. Calculations based on linear transfer matrix
formalism show that longitudinal stability exists for both
SR mode and ERL mode in two energy storage rings.

INTRODUCTION
To enhance the luminosity over a broad center of mass
energy range in a collider, one may need to cool the ion
beams with a proper method [1]. Cooling allows small
transverse beam sizes at the interaction point and enhanced
luminosity. For a heavy charged particle, there is no natural
radiation damping. However, electron beams do have natural synchrotron radiation damping and this property of
electrons can be used to cool the ion beams [2]. Hence, an
efficient way of ion damping based on electron cooling is
possible. One of the future possible electron coolers may
be dual energy storage ring cooler.

DUAL-ENERGY STORAGE RING
COOLER
Concept
The proposed storage-ring electron cooler consists of
cooling and damping rings connected by an energy recovering superconducting Radio-Frequency (RF) structure.
The schematic diagram for such a cooler system is given in
Figure 1.

Figure 1: Schematic drawing of a dual-energy storage ring
cooler [3].
This is new concept and expands the range of applicability of storage-ring based electron cooling of ion beams.
The electron energy, bunch length, and energy spread in
the cooling section are determined for optimum cooling of
a stored beam. Cooling and damping rings are at significantly different energies which is connected and conducted
by superconducting RF structure. Hence in a damping ring,
where the electron beam has been boosted to a relatively
higher energy and passes through the wiggler to enhance
the damping. Going to cooler ring, an electron beam decelerates to the lower energy and finally passes through the
cooling solenoid.
In cooling solenoid, an electron beam is brought into
thermal contact with an ion beam. Heat in the transverse
degree of freedom is transferred from the ion beam to the
electron beam leading to beam cooling. After each pass,
the electron beam comes to the damping ring. At the damping ring, electron beam passes through the wigglers where
the electron beam damps due to synchrotron radiation. This
results the electron beam temperature to decrease after
passing through the wigglers. This cooled electron beam
then can be reusing to cool the ion beam in cooling solenoid. The process finally leads to the cooled ion beam with
smaller emittance. This greatly enhances the luminosity in
the collider experiments.
The first step in analysing such a system is the stability. We study the longitudinal stability in two energy storage rings and derive the conditions necessary for the stability in terms of accelerating rf phase angle � ,� [4].

STABILITY CRITERIA IN TWO-ENERGY
STORAGE RINGS

___________________________________________

* Work supported by U.S. DOE Contract No. DE-AC05-06OR23177 and
DE-AC02-06CH11357.
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We apply the linear matrix transfer approach to study the
stability in two energy storage rings.
The schematic diagram to understand the stability in
two-energy storage ring is presented in Fig. 1. Electron
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PRELIMINARY LATTICE STUDIES FOR THE SINGLE-INVARIANT
OPTICS EXPERIMENT AT THE UNIVERSITY OF MARYLAND∗
L. Dovlatyan† , D. Matthew, I. Haber, B. Beaudoin, T. Antonsen
University of Maryland, College Park, MD, USA
K. Ruisard, Oak Ridge National Laboratory, Oak Ridge, TN, USA
Abstract
A novel approach to transverse resonance suppression in
next generation high-intensity accelerators is the use of nonlinear optical elements to induce large tune spreads which
result in reduced responses to resonance driving perturbations [1]. In order to test this theory, we have built and characterized an octupole channel insert for use in the University of
Maryland Electron Ring (UMER). This paper presents experimental lattice studies using a low space-charge intensity
beam at an energy of 10 keV with a beam current of 150 μA,
tune depression < 0.005, and unnormalized RMS emittance
of 4.3 mm-mrad. We apply beam based measurement techniques in order to evaluate the quality of our single-invariant
lattice and better understand the nonlinearities created by
the octupole channel.

INTRODUCTION
In conventional circular accelerators the design goal of
a focusing magnet system is to have a restoring force that
varies linearly with the distance from the system center. In
actuality several resonances will be driven by imperfections
in the machine. The resonances excite other degrees of
freedom of the beam motion which can cause instabilities,
amplitude growth, and ultimately particle loss. Many of
these resonances limit the beam intensity and luminosity
that can be physically achieved in current machines.
One solution for mitigating the eﬀects of resonances
comes from the theory of nonlinear integrable optics [1].
The insertion of strong nonlinear magnets into the transverse focusing system allows for large amplitude dependent
tune shifts which act to detune resonant driving perturbations. By also selecting an appropriate nonlinear potential
that obeys Laplace’s equation and is practical to construct,
the invariant of motion for the system can be conserved,
guaranteeing long time beam conﬁnement.
An ongoing experimental program at the University of
Maryland Electron Ring (UMER) is working on demonstrating the feasibility of nonlinear integrable optics. The
experiment uses a long octupole channel insert to establish a
single-invariant lattice solution: where one invariant of motion is conserved in the 2-D transverse Hamiltonian system
in normalized phase space coordinates.
V(x N , y N ) =
∗
†

κ 4
x
(x + y 4N − 6x 2N y 2N ) , x N ≡
4 N
βx (s)

Funding for this project provided by DOE-HEP and NSF.
Levondov@umd.edu
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(1)

The octupole potential in Eq. (1) provides the stabilizing
tune spreads as well as a bounded, but chaotic, orbit. The
fully integrable, two invariant, system will be tested at the
newly-built IOTA facility at FNAL [2].
Extensive simulation and design work has been done looking at the acceptable range of tolerances for the experiment at
UMER [3]. This paper builds on this by using a model-based
approach to designing and experimentally implementing a
working lattice on the machine. Beam-based tuning and
measurements are used to meet the required lattice conditions.

LATTICE DESIGN
Nonlinear optics theory requires three basic conditions to
be met in order to have an integrable lattice solution:
• The beam must be round (βx (s) = βy (s)) through the
nonlinear octupole channel insert.
−3 (s) longitudi• The octupole potential must scale as βx=y
nally through the nonlinear insert.
• The phase advance between each nonlinear insert must
be integer-π (nπ).
While these are required properties of the lattice, other
factors such as operating tune, lattice functions, dispersion,
and chromaticity must also be considered. Initial simulations
estimate an average horizontal dispersion of 0.05 m through
the nonlinear insert.

Dipoles

Octupole

Quadrupoles

Electron gun

BPMS

Pipe Flange

Figure 1: UMER diagram. The ring is designed with an 18
cell symmetry and no straight sections.
Early designs focused on a 3-period symmetric lattice
and assumed equal bending angles for all dipoles [3]. Implementation of this lattice turned out to be diﬃcult in the
machine due to steering (earth’s ﬁeld) issues. The lower
operating tune required focusing magnets to be signﬁcantly
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STUDY OF INTEGRABLE AND QUASI-INTEGRABLE SEXTUPOLE
LATTICE∗
L. Gupta† , S. S. Baturin, S. Nagaitsev, and Y.-K. Kim
University of Chicago, Chicago, IL, USA
THEORY

Abstract
In order to maximize beam lifetime in circular particle
accelerators, the nonlinear beam optics are optimized to
maximize the dynamic aperture of the beam. The dynamic
aperture (DA), which is a 6-D phase space volume of stable
trajectories, depends on the strength of the nonlinearities in
the machine, and is calculated via particle tracking. Current
DA optimization processes include multi-objective genetic
algorithm optimizers, and relies on minimizing the magnitudes of resonance driving terms (RDT), which are calculated from the nonlinear contribution to the one-turn-map.
The process of searching through the parameter space for
an ideal combination that maximizes DA is computationally
strenuous. By setting up the sextupole channel such that it is
resembles a symplectic integrator of a smooth Hamiltonian,
with only a few sextupoles we are able to closely reproduce
phase space trajectories of a smooth Hamiltonian up to the
hyperbolic point. No chaos and resonances are observed if
phase advance per one sextupole magnet in the channel does
not exceed 0.12 × 2π. Therefore, an important property of
the suggested approach is the intrinsic elimination of the
resonances, and minimization of corresponding RDTs.

INTRODUCTION
In this study we focus on methods for eliminating the 3rd
order harmonic resonance which is excited by the use of
sextupole magnets due to their ∝ x 3 potential. The phase
space of an accelerator which uses many sextupole magnets
is therefore not only prone to the 3rd order harmonic resonance, but also higher order resonances which may appear
within the volume of allowed trajectories. This volume is
determined by the position of the hyperbolic point, which
creates a separatrix beyond which all trajectories diverge to
infinity.
While the purpose of using sextupoles in accelerator lattices is primarily to correct chromaticity, here we explore the
way in which the third order resonance can be eliminated in
a 1-dimensional toy model, without regard to chromaticity
compensation. This is an exercise based on the findings
of Danilov and Nagaitsev [1], in which they showed how
to achieve a time independent Hamiltonian in normalized
coordinates in the limit of a smooth distribution of nonlinear
magnets.
∗
†
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As shown in Danilov and Nagaitsev (DN) [1], a transformation exists which can results in a time-dependent integrable Hamiltonian for a simple accelerator lattice consisting
of drifts, thin sextupoles, and a focusing element. The full
derivation, shown in [1], reveals that appropriately scaling
the magnet strength distribution by a power of the β function
through the channel will result in resonance elimination. In
the case of sextupoles, once the transformation to normalized
coordinates:
p
βx ′ x
xN
x N = √ , px, N = p βx + √ ,
βx
2 βx

(1)

is performed, the effective Hamiltonian is then:
HN =

p
px, N 2 x N 2
+
+ βx (s)V(x N βx , s).
2
2

Therefore, for a sextupole potential V(x) ∼

(2)

αx 3
3 ,

p
( β(s)x)3
V(x N ) ∝ βx (s)
K3 (s).
3

(3)

From here we can see that by choosing a sextupole distribution K3 (s) to cancel out the s dependence in the potential:
K3 (s) ∼

K3 (0)
5

βx (s) 2

,

(4)

the desired time-independent V(x N ) can be achieved.
From this theory, we can see that by distributing sextupoles in a drift space with their strength proportional to
βx (s)−5/2 , we can eliminate the time-dependence of the potential in the Hamiltonian, and create an invariant.
Beside the DN prescription, another suggestion for eliminating the 3rd order resonance comes from simply observing
the nature of the 3rd order resonance driving term (RDT).
The magnitude of the RDT associated with the 3rd order
sextupole resonance is defined as [2]:
h3 =

N
−1 X
K3 (si )β(si )3/2 ei3µ(si )
24 i=1

(5)

From this expression, we became curious if modifying
the DN solution of K3 (s) ∝ βx (s)−5/2 to K3 (s) ∝ βx (s)−3/2
to cancel out the β function dependence in the RDT would
also help with resonance elimination. In order to achieve
similar time-independence as in the DN solution, it was also
determined that the sextupoles should be spaced such that
the phase advance between sextupoles through the channel,
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STUDY OF THE BEAM CURRENT EFFECTS ON THE NSLS-II STORAGE
RING OPTICS USING TURN-BY-TURN DATA∗
J. Choi† , Y. Hidaka, Brookhaven National Lab., Upton, New York
Abstract
These days, the techniques using the turn-by-turn data
are well developed in analyzing the accelerator optics. We
compared the data for the low and high beam currents and
studied the beam current eﬀects on the storage ring lattice
optics. Also, by comparing the local transfer matrices, we
analyzed the amounts of the impacts on the linear optics
around the ring.

INTRODUCTION
The National Synchrotron Light Source II (NSLS-II) is
a state of the art 3 GeV third generation light source at
Brookhaven National Laboratory [1]. NSLS-II storage ring
consists of 30 cells and 2 cells are making one supercell. At
one end of the supercell there is a long straight section with
high βx and at the other end there is a short straight section
with low βx . Among the long straight sections, 3 places are
occupied by damping wigglers (DWs) to reduce the beam
emittance.

Figure 1: One supercell (2 cell) of NSLS-II storage ring lattice.

As can be seen in Fig. 1, there are three quadrupole families, QH, QL, and QM. Three QHs and three QLs are surrounding high-βx and low-βx straight sections, respectively,
to match optics. And two QM families are placed in the
dispersive region and adjust the optics in the region.
As the measure of machine performance, the Twiss parameters [2] are used and continuous eﬀorts are invested to
make the measured values to be closed to the design ones.
Various methods are developed in measuring the Twiss parameters [3–6] and the results are considered quite reliable.
Among Twiss parameters, the phase advances using the
turn-by-turn data are believed to be hardly aﬀected by the
BPM reading errors and, because of their locality, they are
used to identify the error sources with the deviations from the
design values [7, 8]. We also tried to ﬁnd the error sources
from the diﬀerences in phase advances using the design and
active models, where the active model is constructed from
the conversion table of magnet strengths [9].
∗
†
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However, because the phase advances are not only aﬀected
by the local variations at the region but also aﬀected by
global variations, the real deviations are embedded in the
global ﬂuctuation and it it is not easy to identify them unless
the error is very conspicuous.
In this paper, in addition to the phase advances, we also
use the response matrix deviations, which depend only on
the local parameters, to identify the locations of the error
sources. As the measure of matrix diﬀerences, the eigen
values are used (spectral norm) and, because the lattice is
well decoupled, the coupling is not considered. By measuring parameters with diﬀerent beam currents, about 10 mA
and 100 mA, we identiﬁed the locations where the optics
are heavily aﬀected by the beam current.

MODELS
As usual, the NSLS-II ring has the desired Twiss parameters which are consistent with them of the design model
and the machine is continually optimized to have the design
parameters.
However, that does not mean all the magnet power supplies are set according to the design lattice ﬁle and there can
be another model, called as active model in this paper, from
the magnet power supply set-point values. Having a reliable active model consistent with the real machine would be
very convenient in the operation of the light source because
we can calculate the desired lattices and apply them to the
machine.
Figure 2 and 3 are showing the diﬀerences between the
two models. As you can see, even between the analytic
models, the diﬀerence distributions in phase advance and
response matrices have very diﬀerent characteristics. The
injection point is BPM 1 and the The three DWs are located
at the positions around BPM 48, 108 and 168. In addition,
the large gap dipole magnets are located at three positions,
BPM 20-23, BPM 80-83, and BPM 140-143 regions. To be
more realistic, we used the design ﬁeld map for the dipole
fringe ﬁelds in both models [10].
In phase advances, especially in the vertical plane, broad
periodicity of three can be seen and it is not clear how they
are generated. It appears that the diﬀerences are big at the
DW locations. However, from the response matrix diﬀerences, we can see the periodicity is coming from the differences except the DWs because the same kick-map ﬁle
is used for both models. The response matrix diﬀerences
also vanish at the dipole magnet locations because the active
model includes the dipoles with the exactly same methods
as the design model.
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START TO END SIMULATION ON BEAM DYNAMICS IN COHERENT
ELECTRON COOLING ACCELERATOR*
Yichao Jing†,1, Vladimir N. Litvinenko1,2, Igor Pinayev1, Irina Petrushina2, Kai Shih2, Yuanhui Wu2
1
Collider-Accelerator Department, Brookhaven National Laboratory, Upton, NY 11973, USA
2
Physics Department, Stony Brook University, NY 11794,USA
Abstract
A Coherent electron Cooling (CeC) has a potential of
substantial reducing cooling time of the high-energy hadrons and hence to boost luminosity in high-intensity hadron-hadron and electron-hadron colliders. In a CeC system,
a high quality electron beam is generated, propagated and
optimized through a beam line which was carefully designed with consideration of space charge effect, wakefields and nonlinear dynamics such as coherent synchrotron radiation and chromatic aberration. In this paper, we
present our study on the beam dynamics of such a beam
line and compare the simulation result with what was
measured in experiment.

INTRODUCTION
The CeC beamline (Figure 1) consists of low energy
beam transport (where electron beam is prepared and accelerated to a total energy of 14.6 MeV), a dogleg section
to transport the beam to a common section where the electron beam is co-propagating with the hadron beam. In the
common section, the electron beam is picking up information from hadron beam in modulator section (consists of
four quadrupoles for beam optics tuning). Then the information is amplified in the FEL section and reacts back to
the hadron beam with proper phase adjustment to cool the
hadron beam, i.e., to reduce the hadron beam’s energy
spread and phase space areas. The performance of the CEC
is highly dependent on the electron beam’s quality. Thus a
self-consistent start to end (S2E) simulation of the accelerator section is crucial in determining the amplifier’s (FEL)
performance and in predicting the machine setups to characterize the cooling.

Figure 1: Engineering drawing of CeC beamline (electron
beam travels from right to left).

INJECTOR-ACCELERATOR SECTION
There are three RF systems in the CeC’s accelerator section – a quarter-wave SRF gun cavity (1.25 MeV, 113
MHz), two NC bunching cavities (250 keV, 500 MHz) and
a 5-cell SRF linac (13.1 MeV, 704 MHz). All three RF systems are operated at harmonics of a global clock, 78 kHz –
the RHIC’s revolution frequency. In between cavities, 6
solenoids are used for electron beam’s phase space manip___________________________________________

* Work is supported by Brookhaven Science Associates, LLC under Contract No. DEAC0298-CH10886 with the U.S. Department of Energy, DOE
NP office grant DEFOA-0000632, and NSF grant PHY-1415252.
† yjing@bnl.gov

ulation and beam size control. More specifically, the solenoid in between gun cavity and bunchers is used to perform
emittance compensation, i.e., provide optimal transverse
focusing to minimize emittance growth from space charge
effect of low energy electron beam. After the beam gains
energy chirp from bunching cavities and experiences ballistic compression in long straight section (~ 10 m to linac),
the beam current increases to ~ 50 – 100 amps thus space
charge effect is stronger. We used 5 solenoids in this 10-m
long drift to control emittance and beam size to match to
optimal beam conditions at the entrance of the linac.
There are many different beam dynamics in the beam
line that could potentially affect beam qualities severely,
namely space charge, wakefields, shielding effect from
vaccum chamber etc. Doing all beam dynamics in one simulation code is unimaginable. We chose IMPACT-T [1] to
simulate beam’s 6D phase space evolution along the beamline while used many other codes to calculate other effects,
e.g., ECHO/ABCI for wakefields [2], SUPERFISH/CST/ACE3P for RF fields, etc. We benchmarked our
calculated beam properties (like beam envelope, phase
space distributions, energy evolutions) in IMPACT-T with
many other well established beam dynamics codes e.g.,
GPT/PARMELA/ASTRA. Figure 2 shows a 3D simulation of our gun cavity in CST.

Figure 2: RF fields simulated in CST with cathode stalk
inserted shows strong focusing at the cathode.
Our cathode stalked is recessed so that the initial RF
field provides a strong transverse focusing to the beam.
Figure 3 shows the on axis field for various cathode locations. The fields simulated from these codes were then imported into IMPACT-T to interact with electron beam. One
important beam issue was the wakefields originated from
busy sections along the beam line. One of which would be
around our bunching cavities. Figure 4 shows the wakefields simulated by ECHO/ABCI in and around the
buncher assembly which are the dominant contribution
along the beamline.
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DESIGN OF A BUNCH COMPRESSOR WITH CSR SUPPRESSION
TO ACHIEVE HUNDREDS OF kA PEAK CURRENT
Yichao Jing†,1 and Vladimir N. Litvinenko1,2
1

Collider-Accelerator Department, Brookhaven National Laboratory, Upton, NY 11973
2
Physics Department, Stony Brook University, NY 11794

Abstract
A four dipole magnetic chicane is usually used to compress electron bunch to very short in modern accelerators
which requires electron beams to have high peak current. The coherent synchrotron radiation (CSR) originated
from the strong bending magnets in the chicane could
greatly degrade the quality of the electron beam. In this paper, we present our design for a bunch compressing system
with 30 to 100 fold in bunch length reduction and at the
mean time suppress the effect of CSR on the e-beam’s
quality. We discuss and detail the performance of such a
compressor for potential FACET-II upgrade.

We started using single stage C-shape chicane to compress the electron beam. Ideally, in such a chicane, the
paths’ lengths, as well as the transit time through the chicane, depend on the particles energy. In combination with
the correlated energy spread (chirp), this entails a rotation
in longitudinal phase space. The ratio between the uncorrelated and correlated energy determines the maximum
bunch compression. A sketch of how a C-shape chicane
works is shown in Fig. 1.

INTROUDCTION
There are many things in a beam line that could cause
degradation of beam qualities (emittance, energy spread,
bunch length, etc…). Coherent Synchrotron Radiation
(CSR) is one of these notorious effects and it can easily
blow up beam emittance by an order of magnitude when
beam current is high, i.e., when electron bunch is compressed. What is proposed at FACET2[1] is to compress
electron beam to have ultra high beam current ~ hundreds
of kA peak current. We designed a compressing scheme to
compensate the CSR effect in bending magnets to alleviate
emittance growth cause by the CSR effect.
The beam parameters we used are listed in Table.1. To
simulate beam dynamics in the bunch compressor when
CSR effect exists, we generated 20 million macro-particles
and propagated the beam through the beam line in ELEGANT[2]. We implemented Stupakov’s model to simulate
the CSR effect in dipoles and near-by drift spaces all along
the bunch compressor.
Table
1:
Parameters
for
Operational
ATF
Beam Parameters
Charge, nC
2
RMS bunch length, mm
0.05
RMS energy spread

1e-4

Norm. emittance, um

4

Beam energy, GeV

10

Initial momentum chirp

420

Figure 1: The beam, with an initial energy chirp, rotates
and compresses in a C-type chicane.
However, in reality, the deterioration of phase space
caused by CSR effects can result from a full rotation. Partial rotation, and under some situations, with an asymmetric compressor layout, assures better performance in reducing emittance growth induced by the CSR effect, and thus
results in a beam with a slightly better quality.
In our single C-shape chicane design, we chose a symmetric layout wherein the magnet strengths in four dipoles
are equal. The results are shown in Fig. 2. As can be easily
seen, the emittance is blown up by 5-fold.
The emittance growth originates mostly from the third
and fourth magnets, where the beam is already compressed
and the peak current is high. This growth in transverse
emittance reflects the fact that the CSR wake depends both
on longitudinal position within the bunch, as well as on the
azimuth along the beam line. The head of the bunch gains
energy while the tail part loses energy.
The coordinate and the angular displacement that depend
on beam energy (in dispersive region), i.e., longitudinal position of the particle result in a smearing in the transverse
phase space, and also in the growth of the projected emittance. Figure 3 illustrates this smearing effect, comparing
the plots of the transverse phase space before and after the
chicane.
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EXPERIMENTAL DEMONSTRATION OF THE HENON-HEILES
QUASI-INTEGRABLE SYSTEM AT IOTA∗
N. Kuklev† , Y.-K. Kim, University of Chicago, Chicago, IL 60637, USA
S. Nagaitsev, A. Romanov, A. Valishev, Fermilab, Batavia, IL 60510, USA
Abstract
The Integrable Optics Test Accelerator is a research electron and proton storage ring recently commissioned at the
Fermilab Accelerator Science and Technology facility. Its
research program is focused on testing novel techniques for
improving beam stability and quality, notably the concept of
non-linear integrable optics. In this paper, we report the first
results of experimental investigation of a quasi-integrable
transverse focusing system with one invariant of motion, a
Henon-Heiles type system implemented with octupole magnets. Good agreement with simulations is demonstrated
on key parameters of achievable tune spread and dynamic
aperture preservation. Resilience to perturbations and imperfections in the lattice is explored. We conclude by outlining
future research plans and discussing applicability to future
high intensity accelerators.

INTRODUCTION
One of key factors limiting beam intensity in modern
circular accelerators are collective instabilities. They can
be suppressed either by a spread in betatron tunes through
Laundau damping, or in case of slow instabilities by an
external damper. Tune spreads are typically produced with
standalone octupoles distributed around the ring, as is the
case for LHC [1]. The disadvantage of using octupoles,
and most other nonlinear elements, is the appearance of
resonant behavior, leading to chaotic and unbounded motion,
and eventual particle loss [2]. Recently, a new nonlinear
focusing system was proposed by Danilov and Nagaitsev
(DN) [3] that is predicted to achieve significant tune spreads
without such negative effects though careful shaping of the
magnetic potential and special requirement on lattice optics.
To test this concept, the Integrable Optics Test Accelerator
(IOTA) storage ring was constructed at Fermilab, and has
just finished its year 1 commissioning and scientific run, the
first results of which we present in this paper.

INTEGRABLE OPTICS
Modern accelerator designs are based on a strong-focusing
linear lattice design, which has no tune spread and is fully
integrable - that is, it has the same number of conserved
dynamic quantities (Courant-Snyder invariants) as degrees
of freedom, and so particle motion is regular for any initial conditions. Due to misalignments, field errors, and the
∗

†

This work was supported by the U.S. National Science Foundation under
award PHY-1549132, the Center for Bright Beams. Fermi Research
Alliance, LLC operates Fermilab under Contract DE-AC02-07CH11359
with the US Department of Energy.
nkuklev@uchicago.edu

MOPGW113
386

need to correct chromaticity and induce tune spread, real
accelerators are slightly nonlinear, and so no longer have
any invariants. Their regular motion is limited to a finite
region, called the dynamic aperture (DA) - preserving its
size is critical for achieving good accelerator performance.
Mathematically, transverse particle dynamics are described
by the Hamiltonian

1
Kx (s)x 2 + Ky (s)y 2 + p2x + p2y + V(x, y, s)
H=
2
with Kz=x,y being the linear focusing strength, and V(x, y, s)
containing any nonlinear terms (in general dependent on
time (≡ s) and transverse (x, y) position). DN approach is to
seek solutions for V that yield two invariants of motion and
also are implementable with conventional magnets. First
invariant comes from appropriate time scaling of V(x, y),
such that it becomes a time-independent potential U(x N , y N )
in normalized coordinates, namely
zN = p

z
β(s)

′
p
β (s)
p N = p β(s) − p
2 β(s)

It is furthermore possible to derive a specific form of
U(x N , y N ) (DN solution) that yields another invariant of
motion. Such system is both nonlinear and fully integrable,
and its experimental demonstration is the ultimate goal of
IOTA. However, this is a difficult task due complicated field
shape, and small tolerances on optics and field errors [4].
Conveniently, the first nonlinear multipole in the DN solution is an octupole, which produces tune shift ∆Q z quadratic
with particle oscillation amplitude, and has potential of the
form
 4

x
α
y 4 3x 2 y 2
V(x, y, s) =
+
−
4
2
β(s)3 4
where α(m−1 ) is the strength parameter. Using only this
multipole component instead of full DN potential gives a
system of so-called Henon-Heiles type [5], first studied in
the context of galaxy dynamics, and known to have rich dynamical behavior. It has a single invariant of motion, and is
hence only quasi-integrable, with finite DA. However, even a
single invariant is highly beneficial for particle stability, and
unlike the DN potential, this system is easily implementable
with conventional magnets and predicted to be highly robust
to misalignments and other lattice errors [6], making it the
perfect first test of nonlinear optics at IOTA and a stepping
stone towards fully integrable systems.

EXPERIMENTAL SETUP AT IOTA
IOTA is a research electron and proton storage ring recently commissioned at Fermilab’s Accelerator Science and
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BAYESIAN APPROACH FOR LINEAR OPTICS CORRECTION
Yongjun Li∗ , Robert Rainer, Weixing Cheng
Brookhaven National Laboratory, Upton, NY-11973, USA
Abstract
With a Bayesian approach, the linear optics correction
algorithm for storage rings is revisited. Starting from the
Bayes’ theorem, a complete linear optics model is simplified
as “likelihood functions” and “prior probability distributions”. Under some assumptions, the least square algorithm
and then the Jacobian matrix approach can be re-derived.
The coherence of the correction algorithm is ensured through
specifying a self-consistent regularization coefficient to prevent overfitting. Optimal weights for different correction
objectives are obtained based on their measurement noise
level. A new technique has been developed to resolve degenerated quadrupole errors when observed at a few select
BPMs. A necessary condition of being distinguishable is
that their optics response vectors seen at these specific BPMs
should be near-orthogonal.

INTRODUCTION

BAYESIAN APPROACH

At modern particle accelerator facilities, advanced beam
diagnostics instruments with high acquisition rate can generate copious amounts of data within a short time period.
A specific example would be obtaining beam turn-by-turn
(TbT) data from beam position monitors (BPM) after the
beam is disturbed. With a Bayesian approach, the linear
optics correction algorithm for storage rings is revisited [1].
The linear optics functions, such as, the envelope function
β of betatron oscillation and its phase φ [2], can be extracted [3–5]. Due to various measurement noise, accurately
identifying quadrupole error sources is important for optics
correction. One can average over repetitive measurements,
then use the mean values directly. Distributions of measurement noise, which are usually ignored, however, can provide
rich information for identifying error sources precisely. Using a Bayesian approach and the information provided by the
error analysis, the linear optics correction problem presented
by accelerators can be approached from the viewpoint of
probability.
Lattice measurement noise and quadrupole excitations
errors are usually randomly distributed around their expectation values. Overfitting quadrupole errors must be avoided.
Specifically, the optics functions β and φ can be measured
with BPMs at many locations si , where i = 0, 1, · · · , N − 1,
and N is the total number of BPMs. Given a set of measured
data with noise, fitting the actual quadrupole errors ∆K, is a
typical nonlinear regression problem since the dependence
of β and φ on K is nonlinear. In regression problems, overfitting is a modeling error which occurs when a function is
too closely fit to a limited set of data points [6, 7]. There
are two reasons of revisiting this problem with a Bayesian
∗
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approach. First, the Bayesian approach is a proven technique
in preventing overfitting. Second, several optics distortions
caused by quadrupole errors need to be corrected simultaneously, but measured in different units and scales. With
the Bayesian approach, the coherence of the correction algorithm, which is capable of dealing with multi-objective
regression problems, can be established.
In some scenarios, an optics distortion pattern is indeed
caused by a single quadrupole error rather than normally distributed errors. However, the goal of the Bayesian approach
is to distribute the error to multiple sources. It can sometimes fail to distinguish the single source from its highly
degenerated neighbors. A new technique has been developed where only a few specific BPMs are selected to address
the degeneracy. One necessary condition for being distinguishable is that the optics response vectors of those specific
BPMs should be near-orthogonal.

From the viewpoint of probability, identifying quadrupole
errors from repetitive and independent measurements can be
achieved by computing a posterior conditional probability
distribution and determining its maxima. Consider a simple
case of β function in the horizontal plane. Based on the
Bayes’ theorem, the conditional probability of having an
error ∆K with a measured β reads as [6]
p(∆K |β) =
∝

p(β|∆K )p(∆K)
p(β)
p(β|∆K)p(∆K).

(1)

Eq. (1) can be interpreted as, given a measured optics
distortion β = β0 + ∆β, the probability of it being the error
source of ∆K is proportional to the product of a likelihood
function p(β|∆K ) and a probability distribution of error ∆K.
The likelihood function can be recognized as being related to
the dependence of β on K, i.e., the Jacobian matrix. p(∆K ) is
known as prior probability distribution which will be covered
in greater detail later. p(β) is the normalizing constant.
By maximizing the probability in Eq. (1), the most likely
quadrupole error distribution can be obtained. In general, we
can assume that both β measurement noise and quadrupole
excitation errors are normally distributed. For example, at a
particular BPM, repetitive measurement of βs are distributed
around an expectation value E(β) = β̄ with a variance σβ .
"
#
2
1
(β
−
β̄)
N (β| β̄, σβ2 ) = √
exp −
.
(2)
2σβ2
2πσβ
Eq. (1) thus can be re-written as
p(∆K |β) ∝ N (β| β̄(si , ∆K ), σβ2 ) · N (∆K |K 0, σK2 ).

(3)
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A CROSS-CELL INTERLEAVED NONLINEAR LATTICE FOR
POTENTIAL NSLS-II UPGRADE
Yongjun Li∗ , An He, Timur Shaftan, Victor Smaluk, Bernard Kosciuk
Brookhaven National Laboratory, Upton, New York 11973, USA
Zhenghe Bai† , Lin Wang
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Abstract
An interleaved sextupole scheme using a cross-cell betatron phase cancellation technique is adopted as a candidate
for a future upgrade to the NSLS-II lattice. The upgraded
lattice will use as many NSLS-II installed magnets as possible, including 30 dipoles, which will create a triple bend
achromat configuration. A 300 pm·rad horizontal beam
emittance has already been achieved with the current configuration. The emittance can be further reduced to around
200 pm·rad with damping wigglers. Some new design concepts used in modern 4th -generation light sources, such as
adopting longitudinal gradient bends and reverse bends, are
incorporated into the design as well. The betatron phaseadvance between sextupoles is designed to have a cross-cell
interleaving cancellation pattern in the transverse planes.
The dynamic aperture is sufficient to allow the conventional
off-axis top-off injection. At the same time, a large energy
acceptance looks promising and would ensure a sufficiently
long beam lifetime.

INTRODUCTION

This is a preprint — the final version is published with IOP

NSLS-II is a middle energy 3rd generation light source
operated by Brookhaven National Laboratory. Its main ring
is composed of 30 double bend achromat (DBA) cells and
3 × 7 m damping wigglers, which deliver an electron beam
with the horizontal emittance around 0.9 nm·rad. A future
upgrade plan is currently under consideration. An option for
a relatively cost-effective upgrade is presented in this paper.
The main goals and constraints of this upgrade option are:
• Without influence of insertion devices, the horizontal emittance of the storage ring needs to reach 300
pm·rad. It can be further reduced to 200 pm·rad with
the contribution of existing damping wigglers.
• The layout of the existing beam-lines and the ratchet
walls must be kept unchanged. Therefore, the straight
sections for undulators and their matching sections (3
out of 6 girders per cell) will remain unchanged.
• Existing magnets need to be reused as much as possible
to maintain cost-effectiveness. Their focusing strength
ranges and the corresponding power supplies in the new
design must therefore match the current specifications.
∗
†

yli@bnl.gov
baizhe@ustc.edu.cn

• The nonlinear lattice design needs to provide a 10 mm
dynamic aperture at the injection straight for conventional off-axis top-off injection. Simultaneously, a ±3%
energy acceptance is required for decent beam lifetime
(⩾1 hour).
• The beam envelope function β at certain undulator
straight sections should be optimized to achieve high
brightness performance.

LAYOUT OF MAGNETS AND LINEAR
OPTICS
To achieve the design goals under the given constraints
as mentioned in the previous section, a triple bend achromat
(TBA) magnetic lattice combined with two embedded reverse bends, has been designed and proposed. The lattice layout and the linear optics are illustrated in Fig. 1. The whole
ring is composed of 30 TBAs with alternating high-low β
straight sections, placed with mirror symmetry throughout
the ring. The optics design adopts a similar concept proposed for the HALS 6-bend-achromat [1]. The horizontal
and vertical phase advances crossing two adjacent cells are
chosen as (3π, π) to cancel nonlinear dynamics effects. All
existing undulator beam-line layouts and the corresponding
shielded ratchet walls are compatible with this new layout
as shown in Fig. 2. The main parameters for the upgrade
proposal to NSLS-II and its lattice are listed in Table. 1. The
design emittance is reduced from 2.1 nm·rad to 0.3 nm·rad.
For each TBA cell, the middle bend can be taken from
the existing 2.62 m long 6◦ bend pool. In total, there are 60
such bends and half of them can be reused. The existing
dipole beam-lines can utilize the X-ray from those bends,
but some adjustments might be needed. In order to reduce
the emittance, the other two main bends would need a longitudinal gradient, which is borrowed from the 4th generation
diffraction limited ring design concept [2–9]. At the current
stage, these bends are modelled as a dipole array with a hardedge step function profile as illustrated in Fig. 3. A realistic
transfer map for the detailed beam dynamics studies will be
extracted from its 3-dimensional field map once the magnet
prototype model is ready. Besides three main bends, two
reverse bends integrated with a transverse gradient are used
for two purposes: (1) allocating the damping partition rate
in three planes to stretch bunched beam in the longitudinal
direction and squeeze it in the transverse planes; (2) controlling the horizontal dispersion to suppress the quantum
excitation rate. The horizontal damping partition number
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VALIDATION OF A NOVEL METHOD FOR THE CALCULATION OF
NEAR-FIELD SYNCHROTRON RADIATION ∗
F.-Y. Li† , C.-K. Huang, R. V. Garimella, T. J. T. Kwan, B. E. Carlsten
Los Alamos National Laboratory, Los Alamos, NM, USA 87545
Abstract
The phenomenon of synchrotron radiation (SR) from electrons is at the core of modern accelerator based light sources.
While SR in the far field has been well characterized, the
near-field SR and its impacts on self-consistent electron
beam dynamics remain an ongoing topic. Since it is difficult
to experimentally characterize the near fields, it is desirable
to develop accurate and efficient numerical methods for the
design of these light sources. Here, we investigate a novel
method, originally proposed by Shintake and which potentially has both high efficiency and accuracy. We focus on the
field calculation of this method and show that the original
idea has missed the important terms of fields due to electron
acceleration and therefore only applies to a linear motion.
To correct this limitation we developed a modified algorithm
that gives consistent fields with direct calculations using the
Liénard-Wiechert equation. Some basic signatures of the
near-field SR fields are also drawn for a cyclotron motion
by using this modified approach.

NEAR-FIELD SYNCHROTRON
RADIATION AND ITS MODELING
Synchrotron radiation (SR) in the far field has been well
characterized and routinely used in synchrotron beamlines
worldwide for advanced applications such as x-ray spectroscopy and structural imaging [1]. Meanwhile, the nearfield SR and its impacts on self-consistent electron beam
dynamics have only received increasing attention in recent
years. The continuing quest for coherent x-ray free electron
lasers [2] and advanced accelerators [3] require electron
beams of ultra-high brightness. The power of SR grows
nonlinearly with the beam brightness or energy, and therefore nonlinear beam dynamics inevitably arises due to the
strong near-field SR. For instance, the coherent SR fields
may cause collective beam instabilities such as longitudinal
energy modulation, and increase the beam emittance; the
incoherent fields may generate random shot noises and phase
space diffusion, leading to beam quality degradation.
Different from the far-field SR, it remains a challenge to directly characterize the near-field SR in experiments. Several
simulation models have therefore been considered [4]. Standard beam design tools mostly treat the Liénard-Wiechert
(LW) potential and adopt the steady-state assumption. This
approach is generally not self-consistent by ignoring the temporal dependence of the emission, and hence is only suitable
for describing the linear stage of the instability growth. On
the other hand, the particle-mesh models via discretization

of the full-wave Maxwell equations (e.g. Finite Difference
Time Domain, FDTD) are self-consistent for the coherent
effects, but their accuracy is severely limited by numerical
errors due to numerical dispersion and numerical Cherenkov
instability.
In this study, we investigate a novel near-field method
that can potentially overcome the above issues. In this original idea proposed by Shintake [5], one calculates radiation
fields at the current position and then propagates them outwards to obtain real-time fields at nearby locations. By
mapping the fields onto a co-moving mesh, it allows for
greatly reduced propagation errors in comparison to the
FDTD method. Most importantly, it allows for real-time
selection of the temporal information that is only relevant
to the current beam-radiation interaction. This can be much
more efficient than the LW method where complete emission
history has to be kept for reconstructing fields at the present
time.
So far, the Shintake’s near-field (SNF) method has been
mainly used to construct field patterns in nearby zones. The
calculation of the fields remains to be verified. As a first step
towards building a comprehensive framework, we provide a
validation of the field calculation by applying it to a fixed
observation point near the electron trajectory. We discovered
that the original idea of Shintake missed the important term
of the acceleration field and applied only to linear electron
motion. To correct this limitation we come up with complete
steps that can accurately determine the fields at arbitrary
positions. As we shall see, the modified algorithm gives
consistent field calculations with the LW equation. Some
basic signatures of the near-field SR due to cyclotron motion
are also explored with the updated method.

SHINTAKE’S NEAR-FIELD METHOD

Work supported by the LDRD program at LANL.
fyli@lanl.gov

In the original idea [5], a moving electron emits wavelets
of electromagnetic fields which form a set of outgoing spherical waves in free space by following the wave equation. Once
emitted, the spherical wavefronts will expand outwards at
the speed of light. The centers of these spheres emitted at
different times, however, shift in positions due to the electron
motion. The wavelet propagation direction is related to the
electron instantaneous velocity at the time of emission, and is
given by the Lorentz transformation of the unit propagation
vector k® (essentially a displacement vector) from the electron to the lab frame: k x = (cos θ ′ + β)/(1 + β cos θ ′), k y =
sin θ ′/γ(1 + β cos θ ′), where θ ′ is the propagation angle in
the electron frame relativepto the electron velocity β® (normalized by c), and γ = 1/ 1 − β2 is the electron’s Lorentz
factor.
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BEAM-BASED MEASUREMENT OF BROADBAND LONGITUDINAL
IMPEDANCE AT NSLS-II ∗
V. Smaluk† , A. Blednykh, G. Bassi, B. Bacha, Brookhaven National Laboratory, Upton, USA
NSLS-II IMPEDANCE BUDGET

Abstract
Interaction of a particle beam with the vacuum chamber
impedance is one of the main effects limiting the beam intensity in accelerators. Minimization of the impedance is
an essential part of the vacuum chamber design for any new
accelerator project. The impedance can be estimated experimentally by measuring beam dynamics effects caused by
the beam-impedance interaction. Experience obtained at
many accelerator facilities shows the beam-based measurements are often different from the pre-computed impedance
budgets, the discrepancy of a factor of two or even more is
not unusual. The measurements of broadband longitudinal
impedance carried out at NSLS-II are discussed in comparison with the numerically simulated impedance budget.

INTRODUCTION
For bunched particle beams, single-bunch collective effects of the beam dynamics are determined by integral parameters combining the broadband impedance of the vacuum
chamber and the power spectrum of the beam. Such parameters are: the longitudinal / transverse effective impedance,
the longitudinal loss factor, and the transverse kick factor.
For analysis of the beam motion, both frequency-dependent
impedance calculated by numerical simulations and simple
approximate models, such as a broadband resonator or an
inductive model, are used. The following effects depending on the beam intensity can be measured quite precisely
with modern instruments and methods of beam diagnostics:
bunch lengthening, synchronous phase shift, coherent shift
of betatron frequencies, chromatic head-tail damping, orbit
distortion by a local impedance.
For 15 storage rings, the beam-based measurements of
the intensity-dependent bunch lengthening and betatron frequency shift, were analyzed [1]. The measured bunch lengthening was approximated by a modified Zotter equation (inductive model) [2], which is consistent with the Haissinski equation [3] (broadband resonator model). The betatron frequency shift was approximated by a linear formula,
valid for small frequency shifts. The impedances derived
from the beam measurements were compared with published
impedance budgets. At best, the impedance budgets are consistent with the measurements with an accuracy of 20–30%,
but in other cases the discrepancy may exceed 100%.
In the next chapters, we discuss beam-based measurements of the NSLS-II broadband longitudinal impedance
and compare them with the impedance budget calculated
using the electrodynamics simulation code GdfidL [4].
∗
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Now, the conventional way to calculate the impedance
budget of a vacuum chamber is element-by-element computer simulation of wake fields excited by a model beam.
The total frequency-dependent impedance of the whole ring
chamber is a sum of the impedances of its components, assuming no interference of the wake fields excited by the
beam in the adjacent components of the chamber.
Several 2D and 3D computer codes are now available
to calculate the impedance of a vacuum chamber component with a complex shape. The codes simulate wake fields
excited by a model beam with a predefined charge distribution (usually Gaussian) by solving Maxwell equations
with boundary conditions determined by the geometry of the
chamber. The code output is the wake potential V, which is a
convolution of the wake function W (point-charge response)
and the longitudinal charge density λ of the model bunch:
V(τ) =

∫∞

W(t)λ(τ − t)dt .

(1)

0

The impedance Z(ω) is calculated as
Z(ω) =

Ṽ(ω)
,
λ̃(ω)

(2)

where Ṽ and λ̃ are the Fourier transforms of the wake potential and the longitudinal charge density, respectively.
As follows from equation (2), the bandwidth of the
impedance obtained from the wake potential is limited by
the spectrum width of the model bunch, which is inversely
proportional to the bunch length. Thus, in order to calculate
the impedance in a wide frequency band, the length of the
model bunch must be very small. To obtain reliable results
in the frequency bandwidth determined by the spectrum of
a model bunch, the computational mesh size must also be
small enough, substantially smaller than the bunch length.
For the NSLS-II storage ring, the impedance budget [5]
was calculated using the GdfidL code [4]. All the vacuum chamber components with significant contribution to
the total impedance were taken into account including synchrotron radiation absorbers, bellows, beam position monitors, transitions from the regular chamber to the RF cavity
sections, dipole chambers, quadrupole and sextupole chambers, flanges, injection region, low-gap undulator chambers,
beam scrapers, and resistive wall impedance. Total longitudinal impedance of NSLS-II is presented in Figure 1
together with the simplified models: broad-band resonator
and pure inductive impedance. Spectra of the bunches with
the length of 10 ps and 20 ps are also shown. For the broadband resonator, the shunt impedance Rs = 9.45 kΩ and the
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ELECTROMAGNETIC STUDY AND MEASUREMENTS
OF THE iRCMS CELL∗
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Abstract
The ion Rapid Cycle Medical Synchrotron (iRCMS) [1,2]
will provide proton and Carbon ion bunches with maximum
energy 200 MeV and 400 MeV/u respectively at a frequency
of 15 Hz for treating cancerous tumors. One of the six
cells of the iRCMS has been designed, built and magnetic
field measurements are being performed. We will present
results from the static and AC electromagnetic study of the
iRCMS cell and compare the measured magnetic fields with
those calculated using the OPERA computer code [3]. In
addition the beam optics of the cell will be calculated based
on 3D field maps, provided by the OPERA computer code,
using the zgoubi computer code [4] and compared with the
designed beam optics.

INTRODUCTION
The iRCMS is a medical synchrotron designed to provide
proton and 12 C+6 single ion bunches with maximum energy
270 MeV and 400 MeV/u respectively at a frequency of
15 Hz for treating cancerous tumors. The synchrotron is a
racetrack type with two 10.5 m long straight sections and
two arcs of 5 m in radius. Figure 1 is a perspective view of
the iRCMS. Each straight section has five quadrupoles and

Table 1: Some Geometric and Optical Specifications of the
iRCMS
Circumference [m]

64

Number of cells in the arcs

6

Combined function magnets per cell

5

Quadrupole magnets per Straight Section

5

Horizontal/Vertical tunes

4.84/4.41

Max Hor./Vert. beta functions [m]

12.16/9.44

Max Hor. dispersion function [m]

1.55

Hor./Vert. chromaticity ξx,y

-5.3/-5.12

Transition γt

4.2

Repetition rate [Hz]

15

Table 2: Some Specifications of the Beam Bunches of the
iRCMS
Species
Injection Energy [MeV/u]
Extraction Energy [MeV/u]
Normalized ϵx,y [µm]

proton

Carbon

8

8

8 to 100

8 to 400

0.5

0.5

THE iRCMS CELL

Figure 1: The layout of the iRCMS. The racetrack design
consists of two 10.5 m long straight sections and two 180
degrees arcs of radius 5 m.
one of the straight sections is devoted to the RF devices and
the other to the injection and extraction devices. Each cell
is made of five combined function magnets and the three
consecutive cells of each arc form an achromatic system.
Table 1 lists some of the iRCMS design and beam optics
parameters. and Table 2 lists the injection and extraction
energies of the proton and Carbon ions.
∗
†
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Each of the two arcs of the iRCMS consists of 3 cells each
focuses and bends the circulating bunches by 60o . Figure 2
is a perspective view of the iRCMS cell showing all five magnets of the cell and the coil. For positive ions the focusing
properties of the five magnets starting from the outside magnet are D,F,D,F,D. The focusing and defocusing property

Figure 2: Perspective view of the iRCMS cell showing all
five magnets of the cell and the coil.
of the magnets is generated by the slanted pole faces of the
magnets as shown in Fig. 3 which is a perspective view of
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COHERENT SYNCHROTRON RADIATION SIMULATION FOR CBETA
W. Lou, C. Gulliford, G. H. Hoffstaetter, D. Sagan, CLASSE, Ithaca, NY14853, USA∗
N. Tsoupas, BNL, Upton, Long Island, NY11967, USA
C. Mayes, SLAC, Menlo Park, CA94025, USA
Abstract
CBETA, the Cornell BNL Energy-Recovery-Linac (ERL)
Test Accelerator [1], will be the first multi-turn Energy
Recovery Linac (ERL) with SRF accelerating cavities and
Fixed Field Alternating gradient (FFA) beamline. While
CBETA gives promise to deliver unprecedentedly high beam
current with simultaneously small emittance, Coherent Synchrotron Radiation (CSR) can pose detrimental effect on the
beam at high bunch charges and short bunch lengths. To
investigate the CSR effects on CBETA, we used the established simulation code Bmad to track a bunch with different
parameters. We found that CSR causes phase space dilution, and the effect becomes more significant as the bunch
charge and recirculation pass increase. Potential ways to
mitigate the effect involving vacuum chamber shielding and
increasing bunch length are being investigated.

INTRODUCTION
Synchrotron radiation occurs when an electron traverses a
curved trajectory, and the radiation emitted can give energy
kicks to the other electrons in the same bunch. While the
high frequency component of the radiation spectrum tend to
add up incoherently, the low frequency part, with wavelength
on the order of the bunch length, can add coherently. These
are termed incoherent and coherent synchrotron radiation
respectively (ISR and CSR). While the total intensity for ISR
scales linearly with the number of charged particles (𝑁𝑝 ),
it scales as 𝑁𝑝2 for CSR. For an ERL which aims for high
beam quality like CBETA, CSR can pose detrimental effect
on the beam, including increase in energy spread, energy
loss, and potential micro-bunching instability. Therefore
it is important to simulate the effect of CSR on CBETA,
and investigate potential ways for mitigation if necessary.
Figure 1 shows the design layout of CBETA. Note that with
adjustment on the time of flights, CBETA can operate as a
1-pass or 4-pass ERL.

CSR SIMULATION OVERVIEW
Cornell Wilson Laboratory has developed a simulation
software called Bmad to model relativistic beam dynamics
in customized accelerator lattices [2], and subroutines have
been established to include CSR calculation [3]. As Figure 2
shows, a bunch of particles is divided into a number of bins
(𝑁𝑏 ) in the longitudinal direction. During beam tracking, 𝑁𝑏
is constant, and the bin width is dynamically adjusted at each
time step to cover the entire bunch length. The contribution
of a particle to a bin’s total charge is determined by the
∗
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Figure 1: Layout of the CBETA accelerator. The section labeled (LA) is the accelerating LINAC. The sections labelled
(SX) and (RX) are the splitters which control the beam optics
and time of flights of each recirculation pass. The sections
labeled (FA), (TA), (ZA), (ZB), (TB), and (FB) form the
FFA beamline which can accommodate four recirculating
orbits with an energy range from 42 MeV to 150 MeV.
overlap of the particle’s triangular charge distribution and
the bin. With Δ𝑧𝑏 denoting the bin width and 𝜌𝑖 denoting
the total charge in the 𝑖𝑡ℎ bin, the charge density (𝜆𝑖 ) at the
bin center is taken to be 𝜌𝑖 /Δ𝑧𝑏 . In between the bin centers,
the charge density is assumed to vary linearly.

Figure 2: Bmad implementation of CSR. The bunch is divided into a number of bins to allow numerical calculation
of the CSR kick.
In theory the energy variation due to the longitudinal CSR
kick can be written as [3]:
(

∞
𝑑ℰ
𝑑𝜆(𝑠′ )
) = ∫ 𝑑𝑠′
𝐼 (𝑠 − 𝑠′ ),
−∞
𝑑𝑠
𝑑𝑠′ CSR

(1)

in which 𝜆(𝑠) is the charge density, and 𝐼CSR comes from
solving the Liénard-Wiechert retarded field with two charged
particles on a curved trajectory. In Bmad the energy kick
received by a particle centered at the 𝑗 th bin, after travelling
MC5: Beam Dynamics and EM Fields
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LOSSLESS CROSSING OF 1/2 RESONANCE STOPBAND BY SYNCHROTRON OSCILLATIONS *
G-M. Wang †, Timur Shaftan, Victor Smaluk, Yongjun Li, James Rose
Brookhaven National Laboratory, Upton, NY
Abstract
Modern high-performance circular accelerators require
sophisticated corrections of nonlinear lattices. The beam
betatron tune footprint may cross many resonances, reducing dynamic aperture and causing particle loss.
However, if particles cross a resonance reasonably fast,
the beam deterioration may be minimized. This paper
describes the experiments with the beam passing through
a half-integer resonance stopband via tune modulation by
exciting synchrotron oscillations. This is the first time that
beam dynamics have been kept under precise control
while the beam crosses a half-integer resonance. Our
results convincingly demonstrate that particles can cross
the half-integer resonance without being lost if the passage is reasonably fast and the resonance stopband is
sufficiently narrow.

Recently modern synchrotrons advanced to Multi-Bend
Achromat lattices featuring small dispersion and low beta
functions, and high nonlinearity of the particle motion due
to stronger sextupoles. In certain cases [2, 3], the tune
spread for on-energy beam was successfully minimized,
but the off-momentum tunes swing across the major resonances, as shown in Fig. 1. However, the tracking result
did not show particle losses in contrast to the experiments
[5, 7] on resonance crossing where the beam losses were
observed.
In this paper, we investigated the beam dynamics during crossing of a major resonance in NSLS-II, both by
design and by experiment, to achieve the storage ring
conditions where the beam crosses the ½ resonance without particle loss [8].

INTRODUCTION

It has become standard practice to constrain the particle’s tune footprint while designing the storage ring lattice so that the particle tunes fit between harmful resonances, which limit ring dynamic aperture (DA) [1]. This
approach, known as “tune confinement”, puts tight limits
on the magnitude of the tune shifts with amplitude and
with momentum. The latter requires labor-intensive optimization of the off-momentum DA and the corresponding
tune footprint for the large momentum deviations to
achieve a reasonable lifetime.
As nonlinearities of the modern ring lattices are much
enhanced as compared with the previous generation of
synchrotrons, it is becoming more and more difficult to
keep the off-momentum tune footprint inside the range
surrounded by the resonance lines [2-4]. One of the major
resonances is the half-integer resonance and it is always
treated as an unstable working point that may cause beam
loss. The half-integer resonance poses concerns in many
circular accelerators, such as modern synchrotron light
sources [2, 3], heavy ion medical accelerators [5] and
non-scaling fixed-field alternating-gradient (FFAG) accelerators [6].
Intuitively, if the particle crosses the stopband quickly,
one may expect that the betatron oscillation amplitude
will not increase substantially thereby keeping the particle
within the machine acceptance. At the same time, the tight
tolerances with which modern lattice elements can be
designed and produced afford much narrower resonance
stopbands when compared with machines built decades
ago.
___________________________________________
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Figure 1: Fractional tune shift with momentum deviation
as presented in [2, 3].

DYNAMICS OF CROSSING A STATIC RESONANCE STOPBAND
We consider a storage ring model with large chromatic
∆
tune shift and a particle with momentum deviation 𝛿 =
up to the second order writing the particle’s tune shift as:
(1)
𝜈 𝛿 =𝜈 +𝜉 𝛿+𝜉 𝛿 +𝑂 𝛿 ,
where 1 and 2 are linear and 2nd order chromaticities.
In the following, we constrain our analysis to the 2dimensional case of y and  . For our experiments we kept
1y=+1 and tuned the 2nd order chromaticity to 2y=+300
(the same value as in [2, 3]) by changing ring sextupoles
while maintaining small tune shifts with amplitude.
Next we assume that the particle energy oscillates with
the maximum deviation 0 and this synchrotron oscillation, for simplicity, is taken as 𝛿 𝑛 = 𝛿 sin 2𝜋𝜈 𝑛 ,
where 𝜈 is the synchrotron tune and n is the number of
turns around the ring. An illustration of the problem under
consideration is shown in Fig. 2. As can be seen, the betatron tune of a longitudinally oscillating particle crosses
the half integer resonance R=p/2, which has a stopband
width that depends on quadrupole errors. The resonance is
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SIMULATION AND ANALYSIS OF WAKE FIELDS AND TRAPPED RF
MODES IN INSERTION DEVICE VACUUM CHAMBERS AT THE
CANADIAN LIGHT SOURCE
E. Ericson†, D. Bertwistle, M. Castillo, Mark Boland, Canadian Light Source, Saskatoon, Canada and University of Saskatchewan, Saskatoon, Canada
D. Pelz, RFCurrent, Melbourne, Australia

Abstract
The Canadian Light Source (CLS) synchrotron operates
with four in-vacuum insertion devices, three in-vacuum
undulators, and one in-vacuum wiggler. Presently, each of
the devices occupies half of a straight section. The wiggler
is unique in our ring as it is both in-vacuum and shares a
straight section with an in-vacuum undulator. We have observed gap dependent beam instabilities in the undulator
located in the straight section. To better understand the
problem, the cause of the instabilities was investigated using 3D electromagnetic modelling. First, the 'trapped' RF
modes (natural resonances) for this undulator chamber,
their Q value, and their peak frequencies were analyzed using eigenmode simulation. Secondly, beam excitation of
the eigenmodes was simulated with the Wakefield solver.
Herein we present the results of this electromagnetic modelling.

contained within a UHV chamber with a cylindrical diameter of 300 mm and a length of 1900 mm. Each sub-girder
has a Cu-Ni foil sheet for low-loss conduction of the beam
image current that terminates inside mounts that also contain flexible tapered RF transitions at the upstream and
downstream ends of the chamber. Figure 1 and 2 show a
cross-section and side view of the model used for the RF
studies.

INTRODUCTION
The Canadian Light Source (CLS) has 12 straight sections. One of them, the Brockhouse straight consists of an
in-vacuum undulator (IVU) and an in-vacuum wiggler
(IVW). The CLS operates at a nominal beam energy of
2.9 GeV but has the flexibility to lower the beam energy.
During a routine machine studies shift at 1.5 GeV we observed a vertical tune peak at discrete insertion device gap
settings indicating an instability. The insertion device gapwidth of the instabilities were ~ 70 μm and were separated
by a gap-width of ~ 200 μm. The instabilities were not present at 2.9 GeV likely due to the stronger damping. We attribute the beam instabilities to excitation of trapped RF
modes similar to observations made at other synchrotrons
[1-3]. We have initiated a study to characterize these modes
through computational studies. In this paper we focus exclusively on the IVU.

SIMULATION METHODOLOGY
Geometry
The IVU shares a chicaned straight section with the
IVW. The overall length of the straight section is 5000 mm.
The IVU has a gap separation of 5.2 mm to 29 mm and a
magnetic period of 20 mm. The magnet arrays are supported by 1600 mm sub-girders which each connect to outvacuum girders by 6 pairs of support rods. The system is

Figure 1: Cut plane view of the IVU model.

Figure 2: Side view of the IVU chamber and internal structure.
The real IVU structure is internally complex with extended vacuum ports, bolts, chamfered magnet material,
heat sinks, etc. A simulation model was constructed by defeaturing/simplifying the internal structure removing the
minor yet copious features such as bolts and sliver gaps
that are electromagnetically irrelevant. The resulting model
consisted of the vacuum chamber, tapers, taper mounts,
sub-girders, and support rods. The solid volume of these
subcomponents was subtracted from the volume of the vacuum chamber to create a solid vacuum volume for meshing
in the simulation codes. This was repeated for IVU gaps 5,
6, 7, 8, 9, 10, 15, 20, and 25 mm.
The vacuum volumes were imported into a simulation
code, embedded in a PEC background, meshed, and their
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OPTIC CORRECTIONS FOR FCC-hh
D. Boutin∗ , A. Chance, B. Dalena,
CEA, IRFU, DACM, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
B. Holzer, D. Schulte, CERN, Geneva, Switzerland
Abstract
The FCC-hh (Future Hadron-Hadron Circular Collider)
is one of the options considered for the next generation accelerator in high-energy physics as recommended by the
European Strategy Group. The evaluation of the various
magnets mechanical error and field error tolerances in the
arc sections of FCC-hh, as well as an estimation of the required correctors strengths, are important aspects of the
collider design.
In this study the mechanical tolerances, dipole and
quadrupole field error tolerances for the arc sections of FCChh are evaluated. The consolidated correction schemes of
the linear coupling (with skew quadrupoles) and of the beam
tunes (with normal quadrupoles) are presented. The integration of the different ring insertions (interaction region,
collimation, injection, etc) is also discussed.

Table 1: RMS error tolerances for the main elements of the
arc sections. All values are random (r) components except
for the dipole a2 for which there is also an uncertainty (u)
component. LHC design values are taken from [5] and [6].
LHC value for the dipole b1 includes the roll angle ψ. BPM
position errors are given relative to the quadrupole.
Element
Dipole

Quadrupole
BPM

Error
ψ
δB/B
δB/B
δB/B
δB/B
x, y
ψ
δB/B
x, y
read

Descr.
roll ang.
rand. b1
rand. b2
rand. a2
unce. a2
position
roll ang.
rand. b2
position
accuracy

Units
rad
%
%
%
%
mm
rad
%
mm
mm

FCC
0.50
0.10
0.009
0.011
0.011
0.50
1.00
0.10
0.30
0.20

LHC
n/a
0.08
0.008
0.016
0.005
0.36
0.50
0.10
0.24
0.50

ERRORS AND CORRECTION SCHEMES
The error tolerances considered for position, rotation,
magnetic field, BPM readout of the main arc elements
(dipoles, quadrupoles, BPMs) are presented in Table 1,
where they are compared to LHC design tolerances. There
are no differences between injection and collision energy
unless specified. No errors have been applied to the corrector elements themselves. All errors are Gaussian distributed,
truncated at 3-σ values. The insertion regions have their
own set of tolerance values, presented in Table 2. Tolerances are defined from initial simulations performed with
the interaction regions [1] and applied to other insertions.
There are some specific cases which differ from the table,
for instance quadrupole unit 7 of the interaction regions has
a position tolerance of 0.2 mm instead of 0.5 mm due to
higher sensitivity to quadrupole errors.
The configuration of the short straight section (SSS) has
globally not changed compared to [1], except the length
of the quadrupole which is reduced [3]. Since most of the
quadrupole correctors available in the short arc sections will
be employed for the correction of the spurious dispersion [3],
it will be possible to have a correction scheme for the linear
coupling and the ring tunes only in the long arc sections.

Orbit Correctors
Orbit correctors have a length of 1.2 m and a maximum
field of 4 T, making a maximum integral of 4.8 Tm. They are
inserted on each SSS of the arc sections, DIS and insertion
regions. Each corrector is coupled with a BPM located at
a phase advance of 90°, a corrector located near a focusing
∗
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Table 2: RMS error tolerances for the main elements of the
insertion sections. All values are random (r) components.
Field errors are given at injection energy and slightly vary
at collision energy. BPM position errors are given relative
to the quadrupole.
Element
Dipole

Error
ψ
δB/B
δB/B
δB/B

Descr.
roll ang.
rand. b1
rand. b2
rand. a2

Units
rad
%
%
%

Quadrupole

x, y
ψ
δB/B
x, y
read

position
roll ang.
rand. b2
position
accuracy

mm
rad
%
mm
mm

BPM

D1
1.00
0.05
0.001
0.002
Triplet
0.20
TBD
TBD
0.30
0.20

D2
1.00
0.05
0.02
0.001
Other
0.50
0.50
0.05
0.30
0.50

(defocusing) quadrupole will correct the horizontal (vertical) residual orbit measured in the BPM located near the
following focusing (defocusing) quadrupole. Concerning
the insertion regions, the matching sections have a similar
correction scheme. In the inner sections (including focusing
triplets) there are two correctors next to each quadrupole, one
for each plane, with potentially different specifications [4].

Coupling Correctors
Skew quadrupoles are inserted around the centre of long
arc sections, as 2 families of 8 correctors separated by a phase
advance of 90°, making a total of 8 families. They have a
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LINAC AND DAMPING RING DESIGNS FOR THE FCC-ee
S. Ogur ∗† , K. Oide ‡ , Y. Papaphilippou, L. Rinolﬁ, F. Zimmermann,
CERN, 1211 Geneva 23, Switzerland
A. Barnyakov, A. Levichev, P. Martyshkin, D. Nikiforov, BINP RAS, Novosibirsk 630090, Russia
E. V. Ozcan, Bogazici University, 34342 Bebek, Istanbul, Turkey
F. Yaman, İzmir Inst. of Technology, 35430 Urla, Izmir, Turkey
K. Furukawa, N. Iida, T. Kamitani, F. Miyahara, KEK, Tsukuba 305-0801, Ibaraki, Japan
I. Chaikovska, R. Chehab, LAL, 91406 Orsay, Paris, France
S. M. Polozov MEPhI, 115409 Moscow, Russia
Abstract
We report the design of the pre-injector chain for the Future Circular e+ e− Collider (FCC-ee) system. The electron
beam from a low-emittance RF gun is accelerated by an
S-band linac up to 6 GeV. A damping ring at 1.54 GeV is
required for emittance cooling of the positron beam. The
intermediate energy step from the exit of the S-band linac at
6 GeV to the 20 GeV injection energy of the top-up booster
can be provided by the modiﬁed Super Proton Synchrotron
(SPS), serving as a pre-booster ring (PBR). An alternative
option to reach 20 GeV energy would be to extend the S-band
linac with a C- or X-band linac. An overall cost optimisation
will determine the choice of the ﬁnal conﬁguration. Beam
loss and emittance dilution in the linac due to space charge
eﬀects, wakeﬁelds, and misalignment of accelerator components can be mitigated by RF phasing and orbit steering.
Start-to-end simulations examine the beam transport through
the linac up to either 6 GeV or 20 GeV. The results indicate
large design margins. Simulations of the beam dynamics
in the damping ring (DR) demonstrate a suﬃciently large
momentum acceptance. Eﬀects of intrabeam scattering and
electron cloud instability in the DR are also studied.

INTRODUCTION
The FCC collaboration has submitted the conceptual design report in December 2018 [1]. The potential ﬁrst step
of the global project is the positron-electron collider: the
FCC-ee which will serve as a precision machine. Its design
has been continuously evolving to overcome the technological diﬃculties as well as to ensure the realization of the
best achievable lepton collider [2]. Further optimization of
the extremely high luminosities have also brought about an
improvement of the injectors in comparison with the earlier design [3]. The linac operation is increased to 200 Hz
with 2 bunches per RF pulse. Furthermore, 4 bunches per
RF pulse consisting of 2 e+ followed by 2 e− bunches are
needed during positron beam delivery to collider. The ﬁrst
2 e+ bunches will be put into the DR and the subsequent
2 e− bunches will hit the positron converter and the positrons
generated will be injected into the DR after acceleration to
∗
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1.54 GeV by a linac. The layout of the positron production
and acceleration is presented in Fig. 1.

Figure 1: Layout of the positron production, capture, and
acceleration.
The switch from 100 Hz to 200 Hz will also change the
timing of the DR. The 241.8 meter long DR, which used
to host 5 trains, consisting of a bunch pair, would provide
25 ms of beam store time in 200 Hz operation, which does
not guarantee the emittance reduction needed in view of
the approximately 10 ms transverse damping times. Thus,
we have switched to hosting 16 trains in the same DR such
that the circulating bunches can be cooled for 40 ms. The
linac, DR and PBR schedule for the positron injection into
top-up booster is presented in Table 1. The positron bunches
extracted from the DR are those which were injected 40
ms earlier. The 2 electron bunches in the linac are those
impinging on the positron converter.
Table 1: The Bunch Schedules of the FCC-e+ e− Pre-Injectors
During Positron Beam Delivery
RF time [ms]
0-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-45
45-50
50-55

linac
2 e−
2 e−
2 e−
2 e−
2 e−
2 e−
2 e−
2 e−
−
2 e & 2 e+
2 e− & 2 e+
2 e− & 2 e+

DR
2 e+
4 e+
6 e+
8 e+
10 e+
12 e+
14 e+
16 e+
16 e+
16 e+
16 e+

PBR
empty
empty
empty
empty
empty
empty
empty
empty
2 e+
4 e+
6 e+
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POSITRON SOURCE FOR FCC-ee
I. Chaikovska∗ , R. Chehab, A. Faus-Golfe, Y. Han,
LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
S. Ogur, K. Oide, Y. Papaphilippou, L. Rinolﬁ, P. Sievers, F. Zimmermann,
CERN, Geneva, Switzerland
Y. Enomoto, K. Furukawa, T. Kamitani, F. Miyahara, M. Satoh, Y. Seimiya, T. Suwada,
KEK, Tsukuba, Japan
A. Apyan, ANSL, Yerevan, Armenia, P. Martyshkin, BINP SB RAS, Novosibirsk, Russia
Abstract
The FCC-ee is a high-luminosity, high-precision circular
collider to be constructed in a new 100 km tunnel in the
Geneva area. The physics case is well established and the
FCC-ee operation is foreseen at 91 GeV (Z-pole), 160 GeV
(W pair production threshold), 240 GeV (Higgs resonance)
and 365 GeV (t t¯ threshold). Due to the large 6D production
emittance and important thermal load in the production target, the positron injector, in particular the positron source,
is one of the key elements of the FCC-ee, requiring special
attention. To ensure high reliability of the positron source,
conventional and hybrid targets are currently under study.
The ﬁnal choice of the positron target will be made based on
the estimated performances. In this framework, we present
a preliminary design of the FCC-ee positron source, with
detailed simulation studies of positron production, capture
and primary acceleration.

INTRODUCTION
Increasing interest in high-intensity and low-emittance
positron beams for electron-positron colliders gave rise to
diﬀerent approaches. In the case of positron beams to be
injected into circular colliders, the main concern is an optimized 6D emittance, whereas very high intensities are
required for linear colliders. These constraints about intensity and emittance have some consequences on the heat
load and reliability of the targets. The high-luminosity circular collider FCC-ee will need a low-emittance positron
beam with high enough intensity to shorten the injection
time. A positron bunch intensity of 2.1 × 1010 particles is
required at the injection into a pre-booster ring allowing for
a positron yield of 0.5 Ne+ /Ne− without any safety factor.
This value is comparable with the positron yield foreseen at
the SuperKEKB.
Two methods are investigated to obtain the required performances. The ﬁrst one is based on a conventional positron
source using high-energy electrons impinging on a thick
target with high atomic number Z. The bremsstrahlung radiation of the electrons in the ﬁeld of the nuclei is converted
in e+ e− pairs. This scheme has been used for all the e+ e−
colliders (ADA, ACO, DCI, SPEAR, ADONE, LEP and
also for the ﬁrst linear collider SLC) [1]. The experience has
been mainly successful. However, due to the high number of
∗
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electrons in the short bunch of SLC, the breakdown analysis
of the used target led to a limitation in the deposited power
density expressed in J/g [2]. Its maximum value (PEDD), for
tungsten targets, is about 35 J/g. Such limitation has some
consequences on the incident electron beam size and the
target thickness limitations. A second approach is based on
the production of a large number of photons in thin crystal
targets oriented on their main axes. Electrons propagating
in the crystal at glancing angles to the axes are channeled
and emit a large number of soft photons due to the collective
action of a large number of nuclei [3]. Such method has
been successfully tested at CERN and KEK [4–7]. These
investigations led to a concept of so-called hybrid positron
source [8] associating a thin oriented crystal with an amorphous converter and a sweeping magnet in between to sweep
oﬀ the charged particles emitted in the crystal, allowing only
the photons to hit the amorphous converter. In this context,
the hybrid scheme has been adopted by CLIC as a baseline
for the unpolarized positron source [9]. For the FCC-ee
positron source, the two options (conventional and hybrid)
are under consideration.

FCC-ee INJECTOR COMPLEX
In the current baseline [10], the injector complex for
the FCC-ee consists of a 6 GeV linac with the Damping
Ring (DR) at 1.54 GeV to damp the emittance of both electron and positron beams. The beams are accelerated from
6 to 20 GeV in the pre-booster synchrotron ring and then
to full energy in the booster synchrotron ring. Due to the
accumulation in the main collider, the required linac bunch
intensity is 2.1 × 1010 particles/bunch for both species. The
S-band normal conducting linac working at 100-200 Hz
with 1 or 2 bunches per pulse is considered to provide the
requested performances. In this context, more information
on the pre-injector chain and the injection schemes is given
elsewhere [11–13]. As an alternative option for the FCC-ee
injector, a 20 GeV linac is proposed to provide the direct
injection into the booster ring.

Positron Source
For positron production, the same 6 GeV electron linac
is used with a higher bunch intensity of 4.2 × 1010 electrons/bunch at an energy of 4.46 GeV. A bypass line for
positron generation and primary acceleration is under consideration in order to avoid the drawbacks associated with
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CONSOLIDATED LATTICE OF THE COLLIDER FCC-hh
A. Chance∗ , D. Boutin, B. Dalena
CEA, IRFU, DACM, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
W. Bartmann, M. Hofer, R. Martin, D. Schulte, CERN, Geneva, Switzerland
Abstract
The FCC-hh (Future Hadron-Hadron Circular Collider)
is one of the options considered for the next generation accelerator in high-energy physics as recommended by the
European Strategy Group. The latest changes brought to the
lattice of the FCC-hh collider are commented: impact of the
new intra-beam distance, eﬀorts to increase the beam stay
clear in the dispersion suppressors, tuning procedures, and
updates on the insertions.

LAYOUT OF THE FCC-hh
The layout of the FCC-hh ring is shown in Fig. 1. It
has only slightly changed compared to the one shown in
Ref. [1, 2]. The total circumference of the FCC-hh ring is
97.75 km. The FCC-hh ring is made of 4 short arcs (SAR), 4
long arcs (LAR), 6 long straight sections of 1.4 km (LSS) and
2 extended straight sections of 2.8 km (ESS). The parameters
of the ring are given in Table 1 [3].

3/

3$

3%

and phase advance: 72°). The extraction section is located
in the section ESS-PD and enables the extraction of both
beams in the same section [5]. The betatron and momentum
cleaning sections are respectively located in the sections
ESS-PJ and LSS-PF for both beams [6–8].
Table 1: Parameters of the FCC-hh Ring
Parameter
Energy
Circumference
LSS and ESS length
SAR and LAR length
β∗
L∗
Normalized emittance
γtr
Q x /Q y
Q x /Q y
Beam separation
Beam separation (RF)

Value
Baseline Ultimate

Unit

50
97.75
1.4 and 2.8
3.4 and 16
1.1
0.3
40
2.2
98.466
98.413
109.31/ 107.32
2/2
250
420

TeV
km
km
km
m
m
μm

mm
mm

UPDATES OF THE ARC CELLS
3-

3'

3+

3*

3)

Figure 1: Layout of the FCC-hh ring.
The high luminosity interaction points (IPs) are located
in the sections LSS-PA and LSS-PG. The value of L ∗ in the
experimental insertion region (EIR) is 40 m [4]. Two additional IPs (with lower luminosity) are located in the sections
LSS-PB and LSS-PL. These sections host the injection as
well, which gives additional constraints [4,5]. The beam H1,
which runs in the clockwise direction, is injected into the section LSS-PB and the other one H2 into the section LSS-PL.
The RF cavities are located into the section LSS-PH with
a beam separation enlarged from 250 mm to 420 mm. This
section is currently made of FODO cells (length: 219.292 m
∗
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Since the systematic value of b2 in the dipoles was too
large (up to 50 units), the beam separation was enlarged from
204 mm [9, 10] to 250 mm. The dipoles have now a systematic b2 component of 6 units at injection energy, and near 0
unit at collision energy. The integrated quadrupole strength
is smaller. A direct consequence is to use shorter main
quadrupoles (6.4 m against 7.2 m) and longer and weaker
dipoles (15.81 T against 15.96 T) as given in Ref. [1].
The arc cell is 213.03 m long with a phase advance of
about 90 degrees. The layouts of the arc half-cell, of the
short straight section, and of the dispersion suppressor (DIS)
are given in Fig. 2. Each FODO cell has 12 dipoles (MB),
12 b3 correctors (MCS), 6 b5 correctors (MCD), and 2 short
straight sections (SSS). Each SSS contains one BPM, one
sextupole, one quadrupole (MQ), one multipole corrector
(trim quadrupole, skew quadrupole, or octupole), and one
dipole corrector. The lengths of these magnets are optimized
accordingly with the reachable maximum gradients [3, 11–
13]. The total length of the SSS is 11.3 m. The distances
between two MBs, between one MB and one SSS, between
two elements inside SSS are respectively 1.5 m, 1.3 m, and
0.35 m. The parameters of the diﬀerent arc magnets are
given in Table 2. The optical functions and the geometrical
apertures (at injection) in the arc cell baseline are shown
in Fig. 3. The beam stay clear was computed with the last
MC1: Circular and Linear Colliders
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FIELD QUALITY FOR THE HADRON OPTION OF
FUTURE CIRCULAR COLLIDER
B. Dalena∗ , D. Boutin, A. Chancé, CEA, Irfu, DACM, Université Paris-Saclay
F-91191, Gif-sur-Yvette, France
E. Cruz-Alaniz1 , D. Schulte, CERN, Geneva, Switzerland
1 also at University of Liverpool, Liverpool, UK
Abstract
The updated ﬁeld quality for the baseline design option of
the Nb3 Sn dipoles for Future Circular Collider (FCC-hh) is
discussed. The impact on the expected dynamic aperture is
shown at injection and collision energy and the consequent
non-linear correction schemes together with their integration
in the optics are deﬁned.

INTRODUCTION
Following the last European strategy update a future circular collider with the possibility to collide hadrons has been
studied and its Conceptual Design Report (CDR) is now
available [1]. Using the latest main dipole ﬁeld quality table
computed by magnet designers, this paper presents the Dynamic Aperture (DA) at injection and at collision, the non
linear correction schemes are deﬁned and included in the
lattice design of the arc sections, as shown in Fig. 1, and
in the Experimental Insertions Regions (EIR) [2]. Further
considerations of the impact of octupoles for Landau damping and RF bucket size on DA are also presented. Finally,
the DA results for the alternative injection energy are also
updated with the latest main dipoles errors.
A

dipole

B

MCS

C

MCD

D

BPM

E

sextupole

F

Qpole

multipole

S Q MC

corrector

Figure 1: Half cell layout of FCC-hh arcs. MCS and MCD
are sextupole and decapole correctors, respectively.

MAIN DIPOLE FIELD QUALITY
The main dipole ﬁeld quality table is shown in Table 1.
The uncertainty and random components at injection and at
collision are the same, and greatly reduced with respect to
the previous table [3]. The systematic value of b2 at collision
is negligible and below 6 units at injection. This allows to
shorten the main quadrupoles in the arc cell and to slightly
reduce the main dipoles ﬁeld [4]. The systematic b3 and b5
components due to persistent current at injection are also
reduced, considering half artiﬁcial pinning and an eﬀective ﬁlament diameter of 20 μm [5]. Finally, the systematic
values for all the normal harmonics up to 15 are non-zero,
contrary to the previous table.
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Table 1: Main Dipole Field Quality Table. The values are in
units of 10−4 at Rre f =17 mm. The injection (inj) and collision (col) values are given for 3.3 and 50 TeV, respectively.
Normal
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Skew
2
3
4
5
6
7
8
9
10
11
12
13
14
15

systematic systematic
col bnS
inj bnS

random random
inj bn R col bn R

5.634
-25.121
0.795
5.17
0.673
-1.33
0.463
2.055
0.221
1.048
0.081
-0.227
0.026
0.02

0.0
0.106
0.313
0.182
0.347
0.184
0.375
0.568
0.13
1.05
0.088
-0.245
0.028
0.022

0.929
0.668
0.467
0.283
0.187
0.109
0.072
0.047
0.028
0.015
0.010
0.005
0.003
0.002

0.929
0.668
0.467
0.283
0.187
0.109
0.072
0.047
0.028
0.015
0.010
0.005
0.003
0.002

anS

anS

an R

an R

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0.

1.03
0.754
0.473
0.329
0.205
0.114
0.069
0.038
0.023
0.015
0.008
0.005
0.003
0.002

1.03
0.754
0.473
0.329
0.205
0.114
0.069
0.038
0.023
0.015
0.008
0.005
0.003
0.002

SEXTUPOLE AND DECAPOLE
CORRECTION
Early DA simulations have shown that the local correction
of the systematic b3 error of the main dipole is mandatory
at collision for FCC-hh [6]. With the current systematic
value of b3 (about 25 units), its correction is also required at
injection energy. One spool-piece corrector (MCS) is placed
at each dipole of the arc sections. Its length is 0.11 m (as in
LHC) and a maximum strength of 3 × 103 Tm−2 seems to be
feasible using NbTi technology. Considering the ﬁeld errors
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MAGNETIC MEASUREMENT WITH SINGLE STRETCHED WIRE
METHOD ON SUPERKEKB FINAL FOCUS QUADRUPOLES
Y. Arimoto∗ , K. Egawa, T. Kawamoto, M. Masuzawa, Y. Ohsawa, N. Ohuchi, R. Ueki,
X. Wang, H. Yamaoka, and Z. Zong, KEK, Tsukuba, Japan
J. DiMarco, J. Nogiec, and G. Velev, Fermilab, Batavia, USA
Abstract
A final focus quadrupole system (QCS) was installed into
the interaction region (IR) of SuperKEKB, and was aligned
to accelerator coordinates on February 2017. QCS is a superconducting magnet system consisting of eight quadrupole
magnets and four compensation solenoids. We performed
measurements of magnetic centers and roll-angles of all
quadrupole magnets of QCS based on a Single Stretched
Wire method at the IR.

the solenoid field. Note that we did not adopt a vibrating
wire method (although the method can achieve a more accurate measurement) since that requires energization of the
quadrupole magnet with DC current [9].

INTRODUCTION

The QCS final focus magnet system for SuperKEKB [1]
consists of two pairs of superconducting quadrupole doublets
for each ring (eight quadrupole magnets in total) [2]. Each
quadrupole magnet includes dipole (a1 and b1 ) and skew
quadrupole (a2 ) corrector magnets [3].
The production of QCS was finished on Feb. 2017, and
it was subsequently installed into the IR and aligned to the
accelerator rings. Alignment for this installation was performed with laser trackers referencing fiducials on the surface of the QCS cryostats which contain the quadrupole
magnets and compensation solenoids. Since the helium vessels which contain the magnets are tensioned with support
rods made of Ti-6Al-4V from a vacuum chamber of the cryostat, the magnetic center can be different from the nominal
position indicated by the fiducials on the cryostat [4].
QCS is located in the Belle II-detector-solenoid magnet
which generates a solenoid field of 1.5 T. To integrally compensate this field on the beam lines, QCS also has four
compensation solenoid magnets [5, 6]. The magnetic force
caused by the solenoid magnets will move the position of
magnets by a few mm in the direction of the solenoid axis.
Furthermore, since the weight of the Belle II detector is
1,400 tons, the subsidence is not negligible (QCSs can not
be aligned after the “roll-in” of Belle II detector because
they are inserted into the detector). Consequently, measurement of the magnetic centers was performed on the IR after
“roll-in” of Belle II.
A Single Stretched Wire (SSW) method [7, 8] was
adopted. Because the angle between the solenoid axis and
the beam line axis is 41.5 mrad, the solenoid magnets generate apparent dipole fields on the beam line, which causes
an apparent offset of the quadrupole axis in the transverse
direction. Performing the SSW measurements with AC magnet current allowed us to distinguish the dipole field stemming from being offset in a quadrupole magnet and that of
∗
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Figure 1: A schematic layout of QCS at the IR and definition
of coordinate system (top view). The quadrupole magnets
and the compensation solenoids are indicated with prefix
character of “QC” and “ES”, respectively. Coord. H and
Coord. L are coordinate systems along beamlines on HER
and LER, respectively. Coord. S is a solenoid coordinate
system. Lw is the wire length in mm. This figure is not to
scale.

MEASUREMENT APPARATUS
SSW bench The single stretched wire (SSW) system
used for measurements is a newly redesigned version of
the SSW system developed and used at Fermilab, and also
provided for use at CERN, for over 20 years [8, 10]. The
system consists of two precision X-Y stage units, electronics,
and software for measurement and control. The stage units
precisely control wire movement and are situated on flat,
portable, base plates. The x-linear stage and the y-linear
stage are ANT130- 160-L (Aerotech Inc.) and ATS100-150UF (Aerotech Inc.), respectively. The typical repeatability
for the x-stage and the y-stage are 0.1 µm, and 0.7 µm, respectively. The stages are driven by an Aerotech Ensemble
Epaq controller. Fixturing which holds and tensions the wire
is mounted to the x-linear stage on each unit. The wire is supported at each end on a guide which consists of two 1.2 mm
ceramic-ball bearings [8]. The wire-end-position is precisely
known with respect to targets on the stage that can be measured with a laser tracker. The wire used is made of Be-Cu
with diameter 0.1 mm. Wire tension is controlled by a rotary motor (AEROTECH, BMS35) with feedback provided
by a tension gauge. The wire voltage was measured with
a FDI2056 Metrolab integrator. The control, data acquisition, and analysis system is based on the EMMA framework
which has been recently developed at Fermilab [11].
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DESIGN OF A COMPACT POWER DISTRIBUTION SYSTEM FOR THE ILC
B.T. Du†, T. Matsumoto1, S. Michizono1, T. Miura1, F. Qiu1, N. Liu,
The Graduate University for Advanced Studies (SOKENDAI), 240-0193, Hayama, Japan
1
also High Energy Accelerator Research Organization (KEK), 305-0801, Tsukuba, Japan
Abstract
The Local power distribution system (LPDS) of the International Linear Collider (ILC) is constructed to transmit
RF power from the 10 MW klystron to 39 cavities. Each
eight or nine 9-cell cavities is assembled in one cryomodule. The variable hybrid is used to adjust the power dividing ratio due to the different required power of each cavity
and the variable phase shifter is used to compensate the
phase drift caused by the variable hybrid.
More compact LPDS is expected to be integrated on the
cryomodule decreasing financial cost. We re-design the
shorter variable hybrid with a margin of power ratio of
±25% and phase shifter of total phase range being 35° for
compensating hybrid and on-crest searching. Fixed phase
shifters are designed to adjust the phase difference between
adjacent cavities for beam acceleration. Simulated results
of total compact LPDS can meet the requirements of ILC.

INTRODUCTION
The International Linear Collider (ILC) is a 250 GeV linear electron-positron collider, based on the 1.3 GHz superconducting radio-frequency technology. Figure 1 shows
the power distribution system (PDS) for the LC as described in the ILC technical design report (TDR) [1]. A
10MW multi-beam klystron is used as a power source to
drive 39 Tesla type 9-cell super conducting cavities. Each
cryomodule has 8 or 9 cavities. Figure 2 shows the local
PDS (LPDS) for ILC as described in the ILC TDR. Each
PDS contains three LPDS. Each LPDS is fed 3.33 MW
from main variable hybrid to distribute power to 13 cavities
by three power dividers and 10 secondary variable hybrids.
Under the condition of equal power driving cavities, the
average accelerating gradient is expected to be 31.5 MV/m.
The TDR indicate that this gradient would have a variation
of ±20%, owing to the manufactured differences.
LPDS contains variable hybrids, variable phase shifters
and fixed phase shifters [2]. The variable hybrids are used
to adjust the power ratio to each cavities. The phase relationship between cavities drifts when the power ratio
changes. The variable phase shifters are used to compensate this phase drift and on-crest search. The geometrical
length between adjacent cavities is 1326 mm, which is 5.75
λ0 (λ0 is wavelength in free space at 1.3 GHz). The fixed
phase shifters can adjust the phase relationship between
cavities before using the variable phase shifters for beam
acceleration.

Figure 1: PDS for ILC in ILC TDR [1].

Figure 2: LPDS for ILC in ILC TDR [1].
Considering the LPDS from the ILC TDR, each variable
phase shifter can only adjust the phase of a single cavity.
The phase drift of each hybrid is accumulated for all subsequent cavities. This increases the maximal required
phase range of the variable phase shifter which, resulting
in its long geometrical length. Thus, the vertical length of
the LPDS is more than the diameter of the cryomodule.
Under this condition, the cryomodule can only be assembled in the tunnel first. Then, the LPDS is connected to the
cryomodule. Assembly difficulty is generated and more
tunnel space is required. The LPDS is expected to be totally
integrated on the cryomodule before the cryomodule is assembled in the tunnel. Additionally, the number and
lengths of the waveguides is expected to decrease because
the total number of RF units and cavities of ILC being 236
and approximately 8,000 for 250 GeV respectively [3].
Figure 3 shows the LPDS in the Super-Conducting RF
Test Facility (STF) at the High Energy Accelerator Research Organization (KEK), which applies superconducting technology for the ILC. During operations from January through March 2019, beam acceleration was demonstrated with nine cavities. The feasibility of LPDS was verified in the STF.
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Figure 3: LPDS in the STF.
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ELECTRON DRIVEN POSITRON SOURCE FOR INTERNATIONAL
LINEAR COLLIDER
M. Kuriki∗ , H. Nagoshi, T. Takahashi, Hiroshima University, Higashihiroshima, Japan
K. Negishi, Iwate University, Morioka, Iwate, Japan
T. Okugi, T. Omori, M. Satoh, Y. Seimiya, J. Urakawa, K. Yokoya
Accelerator Lab. KEK, Tsukuba, Japan
Y. Sumitomo, Nihon University, Funabashi, Japan
Abstract
Linear colliders requires huge amount of positrons comparing to ring colliders, because the beam is dumped after the
collision. Electron Driven ILC Positron source has been designed as a technical backup of the undulator position source
including the beam loading eﬀect, etc. To avoid any damage
on target by thermionic and acoustic eﬀects, the positrons are
generated in multi-train and multi-bunch format with normal
conducting accelerator resulting a high beam current more
than 1 A in the initial part of positron linac, the positron
capture linac composed from L-band standing wave linac.
The beam loading compensation method for the positron
capture linac is considered.

Figure 1: Conﬁguration of E-Driven ILC positron source is
schematically shown.
QV

EXQFKHV

QV
QV

EXQFKHV

INTRODUCTION
ILC is an e+e- linear collider with CME 250 GeV - 1000
TeV [1]. It employs Super-conducting accelerator (SCA) to
boost up the beam up to the designed energy. The beam is
accelerated in a macro pulse with 1300 bunches by 5 Hz
repetition. The bunch charge is 3.2 nC resulting the average
beam current 21 μA. This is a technical challenge, because
the amount of positron per second is more than 40 times
larger than that in SLC [2].
In the E-Driven ILC positron source, 3.0 GeV electron
beam is the driver for positron generation with 16 mm W-Re
alloy target. The conﬁguration is schematically shown in
Figure 1. The generated positron is captured and boosted up
to 5 GeV by the capture linac and positron booster. ECS (Energy Compressor System) has an important role to improve
the eﬃciency. The 16 mm W-Re target is rotating with 5.0
m/s tangential speed to prevent a potential target damage.
FC (Flux Concentrator) generates a strong magnetic ﬁeld
along z direction to compensate the transverse momentum
of the positron. 36 1.3 m L-band standing wave accelerators with 0.5 Tesla solenoid ﬁeld are placed for positron
capture. This section is called as Positron Capture Linac.
At the downstream of Positron Capture Linac, a chicane is
placed to removes electrons. The positron booster is composed from 2.0 m L-and and 2.0 m S-band traveling wave
accelerators. ECS is composed from 2.0 m L-band traveling
wave accelerators with chicanes.
In E-Driven ILC positron source, the positrons for one
pulse (1312 bunches) in main linac are generated in 64 ms.
To spread the heat deposition on target on a wider area, the
∗
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Figure 2: The beam structure in the positron source for the
39 mini-train case. Each mini-train contains 33 bunches.
Each pulses contain 2 or 1 mini-trains.

positron is generated in 20 pulses which contains 66 bunches
as shown in Figure2 and the pulse is repeated by 300 Hz in
64 ms with normal conducting accelerator. The heat load on
the target is much relaxed with this pulse structure, because
only the heat of 66 bunches is accumulated, instead of 1312
bunches [3]. The pulse format shown in Figure2 is identical
to a part of the DR ﬁll pattern. Depending on the DR ﬁll
pattern [4], the beam structure is should be matched.
A ﬁrst simulation for the injector part is made by T. Omori
[3]. A simulation with the tracking down to DR was made by
Y. Seimiya [5] , but no beam loading eﬀect was accounted.
A new simulation with the beam-loading eﬀect was done by
Kuriki and Nagoshi [6] giving the peak energy deposition
density less than the practical limit, 35 J/g [7].
The generated positron has a large spread in both longitudinal and transverse momentum space. Capturing the
positron in an RF bucket for further acceleration is an important issue. Historically, the acceleration capture has been
pursued. The generated positrons are placed on acceleration phase of RF cavity to suppress the momentum spread
adiabatically, but this method has some limitation because
only positrons in a good phase space are captured and others
are lost. Deceleration capture was proposed by M. James
et al. [8] for better capture eﬃciency. In this method, the
MOPMP008
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EFFECT OF INITIAL PARAMETERS ON THE SUPER FLAT BEAM
GENERATION WITH THE PHASE-SPACE ROTATION FOR LINEAR
COLLIDERS
M. Kuriki∗ , R. Tamura, HU/AdSM, Higashi-Hiroshima, Japan,
J. Power, ANL, Argonne, Illinois,
H. Hayano, X. Jin, T. Konomi, Y. Seimiya, N. Yamamoto, KEK, Tsukuba, Japan,
P. Piot, Northern Illinois University, DeKalb, Illinois,
M. Washio, RISE, Tokyo, Japan, K. Sakaue. U. of Tokyo, Tokyo, Japan,
S. Kashiwagi, Tohoku University, Sendai, Japan
Abstract
Linear collider is a concept to realize e+e- collision beyond the limitation of the ring colliders by the synchrotron
radiation energy loss. To obtain an enough luminosity, the
beam is focused down to nano-meter size with a high aspect
ratio. This super ﬂat beam is useful to improve the luminosity
and to compensate the beam-beam eﬀect, eg. Beamstrahlung.
In a conventional design, the super-ﬂat beam is produced by
radiation damping in a storage ring. We propose to produce
this super-ﬂat beam with phase-space rotation techniques.
We employ both Round to Flat Beam Transformation and
Transverse to Longitudinal Emittance eXchange, the super
ﬂat beam can be generated by controlling the space-charge
eﬀect which spoiled the performance. We present the RFBT
performance with respect to the initial conditions, i.e. beam
size, initial emittance, solenoid ﬁeld (strength and proﬁle),
etc.

INTRODUCTION
Electron Positron Collider is the only way to realize annihilation of elementary particles with controlled conditions
with the current technology. Because there has been no
any signiﬁcant evidence of Super-symmetry in LHC experiments, the signiﬁcance of detail studies of Higgs boson and searching inconsistency in the standard model with
electron positron collider is maximized. ILC (International
Linear Collider) [1] is an e+e- linear collider based on superconducting accelerator with CME from 250 to 1000 GeV. It
would be constructed in Iwate, Japan, as the main project of
High energy physics.
Luminosity L of linear colliders is
f nb N 2
L=
,
4πσx σy

mkuriki@hiroshima-u.ac.jp
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To
Main Linac
Dipole Mode RF
Gun

(1)

where f is repetition of pulse, nb is number of bunches in a
pulse, N is number of particles in a bunch, σx,y is transverse
beam size. In the linear collider, the beam after the collision
is dumped. If we employ a large current beam in linear
colliders as same as in ring colliders, the required wall plug
power is huge and such machine is unrealistic. One way
to enhance the luminosity is minimize σx,y , but it causes a
large energy spread by Beamstrahlung which is proportional
∗

to (σx + σy )−2 . A practical way to enhance the luminosity
and suppress Beamstrahlung simultaneously is squeezing the
beam in one of the transverse direction, e.g. σx  σy . For
ILC, The beam size at IP is 640 nm in horizontal direction
and 5.7 nm in vertical direction. Emittances are 10 and 0.04
mm.mrad in horizontal and vertical directions, respectively
[1]. This asymmetric emittance beam is made by radiation
damping in a storage ring in the current design. We propose
to generate the ﬂat beam for ILC only with the injector by
employing the emittance exchange technique.
There are two methods as the phase-space rotation for the
re-partitioning. One is RFBT (Round to Flat Beam Transformation) [2] generating the ﬂat beam from an angularmomentum dominated beam produced by beam emission in
a solenoid ﬁeld. Another is TLEX (Transverse to Longitudinal Exmittance eXchange) exchanging the phase-spaces
between longitudinal and transverse directions by dipole
mode cavity in a dispersive beam line [3]. These two techniques are experimentally demonstrated by P. Piot et al. [4]
for RFBT and Y-E Sun et al. [5] for TLEX. The ﬂat beam
generation with RFBT and TLEX are explained in Ref. [6]
for more detail.
In the ILC current design, the emittance at IP are 10
mm.mrad for horizontal direction, 0.04 mm.mrad for vertical
direction, and 8.4 × 105 mm.mrad for longitudinal direction.
This beam is made up with radiation damping in 3 km DR in
the current design [1]. We propose the ﬂat beam generation
with the emittance exchange techniques, RFBT and TLEX
as shown in Figure 1. The emittance budget is summarized

Skew quarupoles

Booster Linac

Injector Linac

Figure 1: The injector design employing the emittance exchange techniques, RFBT and TLEX.

In Table 1 the ﬁrst row is required emittance at IP for ILC.
The second row is emittance at Gun when we employ only
RFBT. In RFBT, the product of εx and εy is conserved.
To make 10 mm.mrad and 0.04 mm.mrad with RFBT, the
emittance from Gun should be 0.6 mm.mrad. This small
emittance cause several problems, e.g. emittanc growth by
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Key Laboratory of Particle Acceleration Physics and Technology,
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Abstract
This paper reports some preliminary study into the implementation of longitudinally polarized e+/e- colliding beams
in the Circular Electron Positron Collider, at a center of mass
energy of 91 GeV as a Z factory and energies beyond.

−1 = τ −1 + τ −1 , where τ
τDK
BKS is the time constant of the
BKS
dep
Sokolov-Ternov effect, and τdep is the time constant of the
depolarization effect related to the stochastic nature of synchrotron radiation. In fact, the equilibrium beam polarization
PDK could be approximated by [6]

INTRODUCTION

PDK ≈

The Circular Electron Positron Collider (CEPC) [1] is
designed to provide un-precedented high luminosity at
center-of-mass energies of 91 GeV (Z-factory), 160 GeV (Wfactory) and 240 GeV (Higgs-factory), and will be a powerful
instrument not only for precision measurements on these
important particles, but also in the search for new physics.
The use of spin-polarized electron and positron beams, on
one hand, could provide precision beam energy calibration
via the resonant depolarization technique [2,3], one the other
hand, could provide an extra probe into the precision tests of
the standard model as well as the search for new physics via
colliding beam experiments. The resonant depolarization
technique only requires about 10% beam polarization, and
could be provided with the Sokolov-Ternov effect [4], in
particular, asymmetric wigglers [5] are required to boost the
self-polarization build-up at Z-pole. In contrast, the polarized colliding beam experiments have a more demanding
requirement, it would be very interesting if longitudinally
polarized e+/e- beams could be achieved at each interaction
point (IP) with a beam polarization beyond 50%. In addition, the figure of merit in experiments involving polarized
colliding beams is a function of both beam polarizations as
well as the luminosity, it is essential to maintain a decent
luminosity together with high beam polarizations.
Top-up injection is in the baseline design of CEPC [1], to
cope with the relative short beam lifetime and maintain a
high average luminosity. In this scenario, the average beam
polarization is a compromise between the equilibrium beam
polarizationPDK in the storage ring and beam polarization
in the injected bunches P0 .
Pavg = PDK

1
1
+ P0
1 + τDK /τb
1 + τb /τDK

(1)

where τb is the beam lifetime, τDK is the time constant
of beam polarization approaching the equilibrium level,
∗
†
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92.4%
1 + τBKS /τdep

(2)

According to the simulations for a FCC-ee “toy” ring (with
similar parameters of CEPC) [7], an estimation of key parameters regarding the self polarization at CEPC can be summarized in Table 1. It is obvious that self polarization build
up is too slow at Z-pole, utilization of asymmetric wigglers
could help boost the polarization build-up at the expense of
local synchrotron radiation power consumption and increase
of rms energy spread, moreover, to maintain a decent average beam polarization, τDK should be made comparable to
τb , which hints a heavy usage of asymmetric wigglers and
a possible deliberate increase of τb which could lead to a
substantial decrease in the luminosity, and is not favored.
At higher energies, using the self polarization for colliding beams suffer from a much smaller equilibrium beam
polarization, a combination of Siberian snakes and asymmetric wigglers was proposed to suppress the synchrotron
sideband spin resonances while maintaining a reasonable
self polarization [8, 9], however, in top-up operation, the
average beam polarization is expected to be even lower if
the injected beam is non-polarized. On the other hand, if the
injected beams are highly polarized, and the collider ring is
well spin matched, i.e., τDK ≫ τb , then a high average beam
polarization is expected.
Table 1: Key Parameters of Self Polarization at CEPC
Beam energy (GeV)
τb (hour)
τBKS (hour)
PDK
τdep (hour)

45.5

80

120

2
256
> 50%
> 300

1.2
15.2
< 50%
< 20

0.22
2.0
≈0
very short

In this paper, we studied the scheme of injection of polarized beams into the collider ring, the focus is polarized beam
generation and maintenance in the injector chain, beam polarization study in the collider ring including the spin rotator
design will be reported in a future publication.

MOPMP012
445

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPMP013

NEW NUCLOTRON BEAM LINES AND STATIONS FOR APPLIED
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Nuclear Research, Dubna, Russia
M. Kats, T. Kulevoy, D. Liakin, Y. Titarenko, Institute for Theoretical and Experimental Physics of National Research
Centre, Kurchatov Institute, Moscow, Russia
D. Bobrovskiy, A. Chumakov, National Research Nuclear University, Moscow Engineering
Physics Institute, Moscow, Russia.
Abstract
New beamlines for applied researches on the
Nuclotron are under development within the framework of
implementation of the NICA accelerator facility. Ion
beams with energies of 150-800 MeV/n extracted from the
Nuclotron will be used for radiobiological researches and
modeling of cosmic rays interactions with microchips.
Equipment of two experimental stations is under
development by the JINR-ITEP-MEPhi collaboration for
these applied researches. Ion beams with the energy of 3.2
MeV/n extracted from the heavy ion linac HILAc will also
be used for irradiation and testing of microchips. The
specialized channel will be reconstructed for investigations
in the field of relativistic nuclear power at light ion energies
of 0.3-4.5 GeV/n. Three new experimental areas are
organized for applied physics researches within the
framework of implementation of the NICA accelerator
facility.

in the middle of this channel to deflect the ion beams to
SOCIT (Figure 2).

Figure 1: The HILAc-booster beamline.

APPLIED RESEARCHES AT NICA
The NICA accelerator complex [1] is under construction
and commissioning at JINR. NICA experiments will be
aimed at searching for the mixed phase of baryonic matter
and investigations of nucleon/particle spin.
Three new areas are organized for applied researches
within the of NICA project. Special area-1 will be
developed for investigations of radiation damages in
microelectronics based on a heavy ion linac (HILAc).
Heavy ions with the energy of 3.2 MeV/u will be used for
irradiation of decapsulation microchips. Area-2 is created
for Nuclotron extracted beams at medium energies of 150800 MeV/u [2]. Two stations are under development for
radiobiological researches and tests of microelectronis that
suffered radiation damage by heavy ions. The new
Nuclotron transport beamlines will be created for these
stations. Special area-3 will be constructed for relativistic
nuclear power and utilization of radioactive waste [3] at
light ion energy 0.3-4.5 GeV/n.

CHIP IRRADIATION BY LOW ENERGY
IONS
Within the framework of the NICA project, the SOCIT
station is created for chip irradiation by short-range ions
extracted from the HILAc at the energy of 3.2 MeV/n. The
HILAc-Booster beamline (Figure 1) will be used for beam
transportation to SOCIT. A dipole magnet will be installed

MC4: Hadron Accelerators
A04 Circular Accelerators

Figure 2: The sketch of the HILAc-SOCIT applied
research beamline.
The ion energy after the HILAc is insufficient to pass
through the microchip-surrounded capsule. Therefore, the
chip decapsulation will be done before its irradiation. The
197
Au79+ ions provide the linear energy transfer (LET) of
95 MeVucm2/mg in the silicon chip at the energy of 3.2
MeV/n. The maximum ionization dose rate during one
HILAc beam pulse should be less than 106 rad/s in the
silicon chip. This requires to reduction of the beam current
from milliamperes after the HILAc to several tenth of
nanoamperes at the chip irradiation. A diaphragm with
several holes of 20 μm in diameter will be installed in front
of the triplet of quadrupoles in the HILAc-Booster channel
to reduce the beam current by five orders of magnitude.
The HILAc-SOCIT channel optics involves a triplet of
quadrupole lenses, a dipole magnet, and two quadrupole
lenses. It permits formation of the round-shaped ion beam
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V.Volkov, Joint Institute for Nuclear Research, Dubna, Russia
Abstract
The status of the NICA accelerator complex which is under construction at JINR (Dubna, Russia), is presented.
The main goal of the project is to provide ion beams for
experimental studies of hot and dense baryonic matter and
spin physics. The NICA collider will provide heavy ion
collisions in the energy raQJHRI¥V11 ·*H9DW the
the average luminosity of L=1×1027cmíڄsí for 197Au79+
nuclei and polarized proton collisions in the energy range
RI¥V11 ·*H9DWthe OXPLQRVLW\ /31cmíڄs-1.
The NICA accelerator complex will consist of two injector
chains, a 578 MeV/u superconducting (SC) Booster synchrotron, the existing SC synchrotron (Nuclotron), and a
new SC collider that has two storage rings with the circumference of 503 m. Construction of the facility is based on
the Nuclotron technology of SC magnets with an iron yoke.
A hollow SC cable cooled by two-phase He flux is used for
operation with 10 kA currents and 1Hz cycling rate. Both
stochastic and electron cooling methods are used for the
beam accumulation and stability maintenance.

INTRODUCTION
The NICA accelerator complex [1, 2] is constructed and
commissioned at JINR. NICA experiments will be aimed
at searching for the mixed phase of baryonic matter and
nature of nucleon/particle spin. The new NICA accelerator
complex will permit performing experiments in the following modes: with the Nuclotron ion beams extracted to a
fixed target; with colliding ion beams in the collider; and
with colliding ion-proton beams; with colliding beams of
polarized protons and deuterons.
The main elements of the NICA complex are an injection
complex, a Booster, the superconducting synchrotron Nuclotron, a Collider composed of two superconducting rings
with two beam interaction points, a Multi-Purpose Detector (MPD) and a Spin Physics Detector (SPD) and beam
transport channels.

ITEP of NRC “Kurchatov Institute”, NRNU MEPHI,
VNIITF collaboration. The new debuncher was constructed in 2019 by INR for the LU-20-Nuclotron injection
channel.
The design of a new Light Ion Linac (LILAc) was started
in 2017 to replace the LU-20 in the NICA injection complex. LILAc consists of three sections: a warm injection
section used for acceleration of light ions and protons up
to the energy of 7 MeV/n, a warm medium energy section
used for proton acceleration up to the energy of 13 MeV,
and a superconducting HWR section used for proton acceleration up to the energy of 20 MeV. The LILAc should
provide the beam current of 5 emA.
The second accelerator of the NICA injection complex,
a new Heavy-Ion Linac (HILAc) (Fig. 1) constructed by
the JINR-Bevatech, collaboration, has been operating since
2016. It will accelerate heavy ions (197Au31+ have been
chosen as the base ions) injected from KRION-6T, a superconducting electron-string heavy ion source constructed by
JINR. At the present time KRION-6T produces 5108 Au31+
ions. An upgraded version of KRION with the 197Au31+ ion
intensity of up 2×109 particles per pulse will be constructed
in 2020 for collider experiments. The ion energy at the exit
from HILAc is 3.2 MeV/n, while the beam intensity
amounts to 2×109 particles per pulse, and the repetition rate
is 10 Hz. HILAc consists of three sections, the RFQ and
two IH sections. The RFQ is a 4-rod structure operating at
100.625 MHz. The 140 kW and 340 kW solid-state amplifiers power the RFQ and each IH section.

INJECTION COMPLEX
The injection complex [1] includes a set of ion sources
and two linear accelerators. One, the LU-20 linear accelerator, which has been under operation since 1974, accelerates protons and ions from the laser source and the source
of polarized ions (SPI) of protons and deuterons. The SPI
was constructed by the JINR-INR RAS collaboration. The
beam current of polarized deuterons corresponds to 3 mA.
At the LU-20 exit, the energy of ions is 5 MeV/n. At the
present time, the LU-20 beam is injected directly into the
Nuclotron. The HV injector of the LU-20 was replaced in
2016 by an RFQ [2,3] with beam matching channels. The
RFQ and the new buncher were constructed by the JINR -
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Figure 1: Heavy ion linear accelerator.
The transport channel from HILAC to Booster consists
of two dipole magnets, seven quadrupole lenses, six steerers magnets, a debuncher, a collimator, and vacuum and
diagnostic equipment. The debuncher constructed by Bevatech GmBH reduces relative ion momentum spread after
HILAc from 5×10-3 to 10-3. The assembling of the transport
channel from HILAC to Booster was started in autumn
2018 and will be finished in spring 2019.
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Abstract
A specific feature of the NICA acceleration complex is
high luminosity of colliding beams. Three types of RF stations will be used in the NICA Collider to reach the necessary beam parameters. The first one is for accumulation of
particles in the longitudinal phase space with the moving
burrier buckets under action of stochastic and/or electron
cooling systems. The second and third RF stations are for
formation of the final bunch size in the colliding regime.
This report presents numerical simulations of longitudinal
beam dynamics which taken into account the longitudinal
space charge effect during the accumulation and bunching
procedures. Influence of space effects leads to some decrease in the accumulation efficiency and requires special
manipulation with the 2nd and 3rd RF stations during the
adiabatic capture and bunching procedures.

ACCUMULATION OF IONS BY RF BARRIER BUCKETS
Application of the RF barrier bucket technique provides
independent optimization of the bunch intensity. The Collider rings receive a bunch from the Nuclotron every four
seconds. A bunch contains (0.2-2)·109 particles. The dependences of the number of stored 197Au79+ ions and the
momentum spread on the number of injections in the Collider ring at ion energy 3 GeV/n are shown in Fig. 1.

INTRODUCTION
The goal of the NICA facility [1] in the heavy ion collision mode is to reach the luminosity level of 1027 cm-2s-1
in the energy range from 1 GeV/n to 4.5 GeV/n.
Collider RF systems [1,2] have to provide accumulation
of required numbers of ions in the energy range 1-3.9
GeV/n, accumulation at some optimum energy and acceleration to the energy of the experiment in the range of 14.5 GeV/n, formation of 22 ion bunches, and achievement
of the required bunch parameters.
This can be done with the help of three RF systems [1],
one of the broad-band type and two narrow-bands ones.
The first one accumulates particles in longitudinal phase
space with application of RF barrier bucket technique. The
maximal voltage of the barrier is 5 kV, it has rectangular
shape with phase length π/12. By applying additional voltage of 300 V, one can also use the meander between the
barriers for inductive acceleration. The second RF system
works on the 22th harmonic of the revolution frequency
and is used for formation of the proper number of bunches.
The maximal RF2 voltage corresponds to 100 kV. The RF2
can also be used for beam acceleration or deceleration. The
third RF system works on the 66th harmonic and is used
for the final bunch formation and maintenance of the bunch
parameters during the collision mode. The maximal RF3
voltage is 1 MV. The RF3 system is also used for ion beam
acceleration or deceleration.
All stages of the bunch formation as well as the collision
mode are accompanied by a cooling process, either stochastic or electron.

MC1: Circular and Linear Colliders
A01 Hadron Colliders

a)

b)
Figure 1: Dependence of the number of stored ions (a) and
the momentum spread (b) on the number of injection cycles
at different cooling times.
The momentum spread of the stored ions is determined
by the equilibrium between intrabeam scattering and cooling. When the cooling time is 30-100 s (Fig. 1 b), the momentum spread is small and the number of stored ions linearly increases with the number of injection cycles. At the
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OPERATION AT A CENTRE-OF-MASS ENERGY OF 350 GeV
N. Blaskovic Kraljevic, D. Arominski1 , D. Schulte, CERN, Geneva, Switzerland
1 also at Warsaw University of Technology, Warsaw, Poland
INTRA-BUNCH ENERGY SPREAD

Abstract

The first stage of the electron-positron Compact Linear
Collider (CLIC) is designed with a centre-of-mass energy
of 380 GeV. A dedicated threshold scan in the vicinity of
350 GeV is envisioned with a total integrated luminosity of
100 fb−1 . This scan calls for a very small intra-bunch energy
spread in order to achieve an excellent collision energy resolution. This paper presents an optimised assignment of RF
accelerating gradients and phases in the CLIC main linac for
operation at 350 GeV, which minimises the energy spread at
the end of the main linac whilst preserving a small emittance
growth. Variation of the bunch length and charge is studied
in order to further reduce the energy spread; the effect on
both the peak and total luminosity is discussed.

The intra-train energy spread is governed by the sinusoidal
profile of the radiofrequency (RF) accelerating field and
the short-range intra-bunch longitudinal wakefields. Figure
2 show~the bunch energy profile due to the two contributions,
simulated in PLACET [4], and their combined effect. The
results for RF phases between 0◦ (accelerating on-crest) and
25◦ (accelerating off-crest) are shown. In each case, the
cavity accelerating gradient has been adjusted such that the
mean bunch energy is 175 GeV at the end of the main linac,
with an incoming 9 GeV at the start of the main linac.
The effect of changing the bunch charge and length on the
RMS energy spread is shown in Fig. 3. Increasing the bunch
length and reducing the bunch charge lead to a reduction in

INTRODUCTION

(a)

The Compact Linear Collider (CLIC) is a proposed
electron-positron collider, with an ultimate centre-of-mass
collision energy of 3 TeV [1]. A first-stage design at a lower
energy of 380 GeV (Fig. 1), aimed at top quark and Higgs
particle production, is currently being proposed [2]. CLIC
can be operated at different centre-of-mass energies so as
to perform scans. This can be achieved by operating the
main linacs with reduced accelerating gradients. Currently,
the only request from the physics community is to scan
the top threshold, i.e. around 350 GeV, with an integrated
luminosity of 100 fb−1 [3]. At the top threshold, a small
intra-bunch energy spread tends to be beneficial since it
allows one to resolve the onset of the cross section better.
Achieving the smaller energy spread at an operating energy
of around 350 GeV is illustrated below, but other operating
energies would also be possible.

Figure 1: Overview of the CLIC layout at a centre-of-mass
collision energy of 380 GeV [2].
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(b)

(c)

Figure 2: Energy gain in the main linac as a function of the
bunch length z for (a) RF accelerating field, (b) short-range
longitudinal wakefield and (c) combined contributions. The
head of the bunch is towards negative z. The RF phase was
varied from 0◦ (accelerating on-crest) to 25◦ (accelerating
off-crest), in steps of 5◦ , as shown.
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BEAM ORBIT CORRECTION IN THE CLIC MAIN LINAC USING A
SMALL SUBSET OF CORRECTORS
N. Blaskovic Kraljevic, D. Schulte, CERN, Geneva, Switzerland
Abstract
Beam orbit correction in future linear colliders, such as
the Compact Linear Collider (CLIC), is essential to mitigate
the effect of accelerator element misalignment due to ground
motion. The correction is performed using correctors distributed along the accelerator, based on the beam position
monitor (BPM) readout from the preceding bunch train, with
a train repetition frequency of 50 Hz. This paper presents
the use of the MICADO algorithm [1] to select a subset of
N ≈ 10 correctors (from a total of 576) to be used for orbit
correction in the designed 380 GeV centre-of-mass energy
first-stage of CLIC. The optimisation of the number N of
correctors, the algorithm’s gain and the corrector step size is
described, and the impact of a number of BPMs and correctors becoming unavailable is addressed. The application of
a MICADO algorithm to perform dispersion free steering,
by reducing the beam orbit difference between two beams
with different energies, is discussed.

INTRODUCTION
The Compact Linear Collider (CLIC) is a proposed
electron-positron collider, with an ultimate centre-of-mass
collision energy of 3 TeV [2]. A first-stage design at a lower
energy of 380 GeV, aimed at top quark and Higgs particle production, is currently being proposed [3]. In order
to achieve the required collider luminosity, CLIC requires
a tightly controlled orbit and emittance growth. An orbit
correction technique is essential to achieve and maintain
the required small emittance growth in the CLIC main linac
(Fig. 1), mitigating the effect of accelerator element misalignment due to ground motion.
The use of one-to-one (1-2-1) steering for the CLIC
380 GeV machine is discussed in [4]. In 1-2-1 steering, the
transverse displacement of each quadrupole is used to steer
the beam into the centre of the next beam position monitor

(BPM) downstream [5]. In this paper, we consider the use
of the MICADO1 algorithm [1] to select a subset of N ≈ 10
correctors to be used for orbit correction.

MICADO FORMALISM
The MICADO formalism described in [1] is summarised
here. The position of the beam is measured at m BPMs to
construct a vector b:
b1
© . ª

(1)
b =  .. ®® .
« bm ¬
These beam position offsets can be corrected by displacing l quadrupole magnets chosen from a total of n. The
quadrupole changes in position are described by a vector x:
x1
©.ª
(2)
x =  .. ®® ,
« xn ¬
where (n − l) elements will be zero. The effect of x on
the orbit, as measured at the BPMs, is Ax, where A is a
m × n response matrix. The response matrix is assembled,
in advance, by calculating the beam offset at each BPM due
to a 1 µm offset of each quadrupole.
The vector x can be scaled by a gain g. The residual orbit
r on applying the quadrupole offsets gx is defined as:
r1
© ª
r =  ... ®® = b + Agx.
«rm ¬

(3)

Ím 2
The aim is to find the x which minimises ||r|| 2 = i=1
ri .
The MICADO routine first identifies the single corrector
which best minimises ||r|| 2 and then proceeds to identify the
next best corrector until the specified number of correctors
has been identified.

MICADO FOR THE CLIC MAIN LINAC
The main linac for the 380 GeV centre-of-mass energy
first-stage of CLIC was simulated in PLACET [6]. This linac
consists of 576 quadrupoles (i.e. correctors) and 576 BPMs.
Starting from a perfectly-aligned machine, 10 hours of ATL
ground motion are simulated; for ATL ground motion [7],
the relative displacement ∆X after a time T of two points
separated by a distance L is:
Figure 1: Overview of the CLIC layout at a centre-of-mass
collision energy of 380 GeV [3].
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h∆X 2 i = AT L,
1

(4)

In French, Minimisation des Carrés des Distortions d’Orbite (LeastSquares Minimisation of Orbit Distorsions).
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BEAM-BASED BEAMLINE ELEMENT ALIGNMENT FOR THE MAIN
LINAC OF THE 380 GeV STAGE OF CLIC
N. Blaskovic Kraljevic, D. Schulte, CERN, Geneva, Switzerland
Abstract
The extremely small vertical beam size required at the
interaction point of future linear colliders, such as the Compact Linear Collider (CLIC), calls for a very small vertical
emittance. The strong wakefields in the high frequency
12 GHz CLIC accelerating structures set tight tolerances on
the alignment of the main linac’s beamline elements and
on the correction of the beam orbit through them in order
to maintain a small emittance growth. This paper presents
the emittance growth due to each type of beamline element
misalignment in the designed 380 GeV centre-of-mass energy first-stage of CLIC, and the emittance growth following
a series of beam-based alignment (BBA) procedures. The
BBA techniques used are one-to-one steering, followed by
dispersion free steering and finally accelerating structure
alignment using wakefield monitors.

INTRODUCTION
The Compact Linear Collider (CLIC) is a proposed
electron-positron collider, with an ultimate centre-of-mass
collision energy of 3 TeV [1]. A first-stage design at a lower
energy of 380 GeV, aimed at top quark and Higgs particle
production, is currently being proposed [2]. In order to
achieve the required collider luminosity, CLIC requires a
tightly controlled emittance growth. This is particularly important in the main linac, where static imperfections enhance
the strong wakefield environment resulting from the large
number of 12 GHz accelerating structures.
The key alignment specifications have been set for the
3 TeV CLIC design [1], to achieve an emittance growth of
< 5 nm with a 90% likelihood. In principle, several of
the tolerances could be relaxed by a factor of about two at
380 GeV compared to 3 TeV, since the main linac is shorter.
However, this would require upgrading the systems for better
performance when the energy is upgraded. Hence the system
design and the specifications remain unchanged; these are
detailed in Table 1, together with the results discussed below
[3].

SIMULATION
The emittance growth has been evaluated in PLACET [4]
for the main linac lattices of both the drive-beam-based
and klystron-based 380 GeV CLIC designs [2]. The bunch
charges and lengths used are given in Table 2.
An incoming emittance of 10 nm and an incoming RMS
fractional energy spread of 1.6% in the main linac were assumed. The main linac RF phases were adjusted to obtain
an RMS fractional energy spread of 0.35% at the end of the
main linac. The exact distribution of RF phase assignments
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along the main linac has a small effect (≤ 5%) on the final emittance growth, and we quote here the results for the
case where an RF phase of 8◦ is used for the first 75% of
accelerating structures and 30◦ for the rest.
For a perfectly aligned machine, a natural emittance
growth of 0.01 nm is observed. One thousand machines
were then simulated for each static imperfection, with the
size of the imperfection drawn from a Gaussian distribution
with a standard deviation equal to the allowed tolerance in
Table 1. The imperfections were applied by defining the
Clic survey using SurveyErrorSet in PLACET.
For each of the machines that was simulated, a series of
three successive correction techniques was applied to resteer
the beam:
• One-to-one steering (1-2-1) – Each quadrupole is used
to move the beam into the centre of the next BPM downstream [5]. This is implemented in PLACET using
TestSimpleCorrection.
• Dispersion free steering (DFS) – Both orbit and dispersion are corrected simultaneously, effectively overcoming systematic errors due to BPM offsets [6]. The
main linac is split into groups of BPMs and correctors, called bins, that are corrected one after the other.
In each bin the beam is not only steered into the
centres of the BPMs but also the differences of the
trajectories of beams at different energies are minimised [7]. This is implemented in PLACET using
TestMeasuredCorrection.
• Accelerating structure realignment using wakefield
monitors (RF) – Emittance growth due to wakefield
effects in the accelerating cavities is reduced by moving the supports of the girders where the cavities are
placed on [4]. The sum of the squared positions read
in the accelerating structures’ wakefield monitors is
minimised. This is implemented in PLACET using
TestRfAlignment.

RESULTS
The resulting emittance growth for the drive-beam design
of the main linac, averaged over 1000 machines, for each
imperfection and after each of the correction techniques
is shown in Table 1. The final emittance growth, with all
imperfections and after all three correction techniques, is <
1 nm, averaged over 1000 machines. The emittance growth
has a stochastic probability distribution, as can be seen in
Fig. 1, with a probability that 90% of the machines remain
below 1.5 nm emittance growth, which is well within the
budget.
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HIGH LUMINOSITY LHC OPTICS AND LAYOUT HLLHCV1.4∗
R. De Maria† , R. Bruce, D. Gamba, M. Giovannozzi, F. Plassard, CERN, Geneva, Switzerland
Abstract
The goal of the High Luminosity Project is the upgrade
of the LHC to deliver an integrated luminosity of at least
250 fb−1 per year in each of the two high-luminosity, generalpurpose detectors ATLAS and CMS. This article presents
the latest layout design and the corresponding optics features,
which comprise optimisation of the orbit corrector and crab
cavity systems, and new estimates of the performance reach
thanks to the new concept of fully remote alignment. In
addition, the new optics version incorporates improvements
required by beam instrumentation, dump system, and collimation system, as well as low-beta solutions for the LHCb
experiment.

HL-LHC LAYOUT EVOLUTION
The HL-LHC [1,2] layout and optics have been incrementally updated since version 1.0 [3, 4] following the development of the new hardware, cost optimisation exercises,
new requests from the experiments, and also the experience
gathered during LHC Run 2 [5–7]. This article presents the
main layout and optics features of the latest official optics
version called HLLHCV1.4 [8, 9]. The HL-LHC project is
based on the LHC [10] ring with an extensive modification
of the interaction regions (IR) around the interaction points
(IP) 1 and 5, which host the ATLAS and CMS experiments,
respectively. The comprehensive list of the upgrades in the
scope of the HL-LHC project is available in Ref. [1, 2].

Figure 1: HLLHCV1.4 layout of the right side of IR1 and
IR5 with quadrupoles (Q), non-linear corrector package
(CP), dipoles (D), collimators and masks (TC), crab cavities (CC), and passive absorbers (TAX).
The layout of IR1 and IR5, shown schematically in Fig. 1
(active and passive elements with nomenclature), has been
designed to reduce the beam size at the IP, introduce additional shielding inside the triplet quadrupoles [11] and
D1 dipole, and to add crab cavities (CC). This has been
achieved by redesigning all beamline elements from TAXS
(collision debris absorber) to D2, increasing their aperture
compared to the LHC. Nb3 Sn technology has been used to
maximise the product of gradient and aperture of the triplet
quadrupoles (Q1-3) and their length has been optimised to
minimise the ratio of peak-𝛽 functions in the triplet over
∗
†

Research supported by the HL-LHC project
riccardo.de.maria@cern.ch

MOPMP019
468

𝛽∗ , thus minimising chromatic aberrations and sensitivity
to field imperfections [12]. The geometric reduction factor
due to the low 𝛽∗ value and the corresponding increase of
the crossing angle is compensated by using crab cavities.
The CCs are installed as close as possible to the IP to maximise their effect using the large 𝛽 functions. Therefore,
the D2 separation dipole, the collimators and the TAXN
collision debris absorber must be installed in a location with
limited transverse space, calling for new, special designs.
Additional orbit correctors on the non-IP side of the D2
allows closing the crossing bump upstream of the CCs, as
they can tolerate minimal orbit offset from their electrical
centre. The stringent orbit correction constraints at the IP
and CCs [13], the need to re-use the LHC Q4 assembly, and
the reduction of dose to personnel, imposes the necessity of
the addition of a fully remote alignment system [14] to the
baseline design, which also allows reductions in the use of
orbit correctors (see Fig. 2 for the present budget and [15]
for a detailed comparison). The location of the Q4 has been
optimised taking into account the cryogenic infrastructure
and the additional absorber masks to limit radiation to the
superconducting coils that are part of the baseline.

Figure 2: Orbit corrector budget in IR1 and IR5 at 7 TeV. The
strength budget includes operational settings (IP crossing
and separation, luminosity scan) and correction of imperfections (IP offset, offset and separation at the CCs, and compensation of local and global quadrupole misalignments).
The IP offset is meant to compensate for the small step in
the Q5 area due to the full remote alignment. The remaining
strength can be used to further refine the orbit without using
the full remote alignment (e.g. 0.5 mm of IP shift).

OPTICS CONFIGURATIONS
Different optics configurations provide the conditions for
the p-p programme [16], ion program [17], and van der
Meer (VDM) scan measurements at the four experimental
IPs [9]. The baseline p-p scenario foresees the so-called
Round optics with equal 𝛽∗ in the transverse planes. Alternative configurations, called FlatCC and Flat, are also
provided to improve performance with and without crab cavities by further squeezing 𝛽∗ in the parallel separation plane.
MC1: Circular and Linear Colliders
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SMOOTH AND BETA-BEATING-FREE OPTICS TRANSITIONS FOR
HL-LHC ∗
R. De Maria† , M. Solfaroli CERN, 1211 Geneva 23, Switzerland
Abstract
In the CERN LHC, optics transitions are mainly required
to control the beam size at the four experimental interaction
points. The current method, based on linearly-interpolated
optics functions over a small set of matched optics and
parabolic time-domain segments, introduces non-zero betabeating and it is not optimal in time. This contribution
presents an alternative approach, based on continuouslymatched optics solutions distributed in time domain by using a realistic model of the superconducting circuits, which
optimises the overall process duration. This method requires
a change in the paradigm used in the control system and it
is proposed for the future High Luminosity LHC (HL-LHC)
runs.

INTRODUCTION
The LHC [1] and the HL-LHC [2, 3] lattice is composed
of 8 arcs and 8 insertion regions (IR) for the two counter
rotating beams (Beam 1 and Beam 2). Four IRs (IR1, IR2,
IR5, IR8) host the main experiments (ATLAS, ALICE, CMS,
LHCb) and the remaining ones (IR3, IR4, IR6, IR7) provide
the momentum cleaning, RF and instrumentation, beam
dump, and β-cleaning functionalities, respectively. Injection
is taking place in IR2 for Beam 1 and IR8 for Beam 2. Optics
transitions are needed since optics constraints at injection
(e.g. aperture and transfer-line matching) are very diﬀerent
from experimental conditions at ﬂat top (e.g. low-β at the
interaction point (β∗ )). Each IR is equipped with a large
number of individually-powered quadrupole (IPQ) circuits
(324 in total for the 8 insertions). Moreover, each arc is
equipped with independent main circuits and trim circuits
for each beam (48 circuits in total). In the present [4] and
future operations, almost all quadrupole circuits change their
momentum-normalised strength during the energy ramp and
at ﬂat top (similarly to other circular colliders [5]) .
This paper reviews the strategy used currently to implement the optics transitions and proposes a new method to
be applied in the HL-LHC to overcome some of the present
limitations.

CURRENT METHOD
An operational cycle, i.e. a sequence of so-called beam
processes, deﬁnes a set of energy-normalised settings generated from matched optics that are interpolated using a set
of parabolic-linear-parabolic segments passing through the
matched points with zero time derivative. Normalised settings are converted into currents and, at the same time, the
duration of each segment is adjusted by taking into account
∗
†
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Figure 1: Measurement (V) and circuit model residual (δV,
model introduced later) for voltage of RQ6.L6B1 (V1 ) and
RQ6.L6B2 (V2 ) circuits during two diﬀerent LHC cycles: a
high-luminosity cycle used to ﬁt the circuits’ parameter (top)
and a luminosity-scan cycle to test the model (bottom). The
model reproduces fairly well all features of the measurement
data in both cases with a residual of 25 mV.
an approximated model of the magnets and power converter
constraints. At a later stage, the duration of the segment is
reﬁned by means of hardware tests without beam. Finally,
optics corrections are applied during beam commissioning
on the matched points and a new cycle is rebuilt. Figure 1
shows an example of a circuit of an IPQ during the ramp.
The repeated spikes in voltage between 1000 and 2100 s
occur when the time-derivative of the normalised strength is
forced to zero because the power converter has to decelerate
and accelerate the current rate instead of following the rate
determined by the combined variation of momentum and
normalized-strength.
The current system has few limitations. In between the
matched points, the optics has a design beta-beating in the
order of 10%, which is correlated with beam loss spikes inbetween matched points (see [6]). The duration of the transition is longer than what would be allowed by the hardware
constraints, due to the unnecessary accelerations imposed
by the zero-slope constraint. This forces part of the squeeze
process to occur during ﬂat top instead of in the ramp therefore reducing physics time [4]. The overall cycle needs to be
tested before operation, without beam, in order to verify the
correctness of the settings for each segment. This procedure
does not cost excessively in time, however it might require
lengthy and last-minute changes in the optics preparation
in case of issues (e.g. actual model is not accurate in the
presence of large imbalance between the currents of IPQs).
The following section illustrates an alternative strategy
that can overcome the aforementioned limitations, which is
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K-MODULATION IN FUTURE HIGH ENERGY COLLIDERS∗

Abstract

M. Hofer†1 , F. Carlier, R. Tomás, CERN, 1211 Geneva 23, Switzerland
1 also at Vienna University of Technology, 1040 Vienna, Austria
IP

K-Modulation of the quadrupoles closest to the interaction point (IP) has been an indispensable tool to accurately
measure the beta-function in the interaction point (β∗ ) in
the Large Hadron Collider (LHC) at CERN. K-Modulation
may become even more important to control the lower β∗
and reach the design luminosities in the High-Luminosity
LHC (HL-LHC) and the Future Circular Collider (FCC).
K-Modulation results also provide important input for the
luminosity calibration and help in the identiﬁcation and correction of errors in the machines. This paper presents a
method for determining β∗ using K-Modulation adapted to
the characteristic layout of both colliders. Using the latest
models for the HL-LHC and the FCC-hh, estimated uncertainties on the measurements are presented. The results
are compared to the accuracy of an alternative modulation
scheme using a diﬀerent powering scheme.

INTRODUCTION
Future circular colliders like the HL-LHC [1] and the
FCC-hh [2] are designed to increase the peak luminosity
by lowering the betatron-functions in the interaction point
(IP) [2, 3] compared to the LHC design [4]. To achieve
these higher luminosities, ensuring machine protection and
avoid luminosity imbalances between the experiments accurate measurements and good control of β∗ are required.
The currently preferred method to determine the β∗ in the
LHC is K-Modulation of the quadrupole closest to the IP.
This method relies on the modulation of the gradient of the
quadrupoles closest to the IP. The induced tune shifts allow
to determine the average β-function in the quadrupoles. The
waist shift w and β∗ can then be calculated via propagation.
The accuracy of the average β-function and of the β∗ relies
on the measurements uncertainty of tune, gradient and good
knowledge of machine parameter such as the L ∗ . The evaluation of the impact of these systematic error allows a better
understanding of the inﬂuence of those and possible options
to improve the accuracy. In the following, an adaptation
to better represent the HL-LHC and FCC-hh interaction regions is presented. Using this, additional sources of error
can be taken into account and an error analysis for these
cases is presented.
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Figure 1: Schematic layout of the interaction region with
split Q1 quadrupoles.

ADAPTATION TO SPLIT INNER
QUADRUPOLES
Contrary to the LHC, the triplet quadrupoles closest to
the IP in the HL-LHC and FCC-hh will have to be split for
manufacturing reasons, both pieces having the same length
and, in case of the HL-LHC, both being powered by the same
power supply with an additional 35 A trim supply connected
to the innermost quadrupole facing the IP [5]. From here
on, these magnets will be referred to as Q1A and Q1B. A
schematic layout of the HL-LHC and FCC-hh interaction
region is illustrated in Fig. 1. In the following it is assumed
that the power supply used for both Q1A and Q1B is used for
the modulation and an adaptation to [6] is presented to take
into account new arising error sources such as an error in
the interquadrupole distance. In case of only trimming Q1A,
the formulas shown in [6] are used. Using the measured
tune shifts from the modulation, the average β-function in
the split quadrupoles is determined by [7]

β x,y (ΔQ x,y ) = ± cot(2πQ x,y )[1 − cos(2πΔQ x,y )]
 2
4πΔQ x,y
≈±
(1)
+ sin(2πΔQ x,y )
2ΔK L
2ΔK L
where ΔK is the change in the quadrupole gradient, L the
length of one quadrupole, Q x,y the tunes and ΔQ x,y the tune
shift induced by the modulation. Note that here a factor 2
has already been introduced to account for both parts of the
split Q1 and it is assumed that both Q1A and Q1B have
the same length and modulation amplitude. Following the
derivations in [6], to determine β∗ an analytic expression for
the average β-function in the quadrupole depending only on
the design parameters, the waist-shift w, and the β-function
at the waist βw is needed. The average β-function β over
both magnets can be calculated via
∫ L Q1 A
∫ L Q1B
βQ1A(s) ds + 0
βQ1B (s) ds
0
β=
,
(2)
L Q1A + L Q1B
where βQ1A and βQ1B are the β-functions in the ﬁrst and
second quadrupole, and L Q1A and L Q1B the length of each
quadrupole, respectively. The Twiss parameters at the beginning of the focussing quadrupole closer to the IP are given
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DYNAMIC APERTURE AT INJECTION ENERGY FOR THE HE-LHC∗
M. Hofer† 1 , M. Giovannozzi, J. Keintzel, R. Tomás,
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L. van Riesen-Haupt, John Adams Institute, University of Oxford, OX1 Oxford, UK
1
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Table 1: Comparison between (HL-)LHC and HE-LHC
Parameters [4–6]

Abstract
As part of the Future Circular Collider study, the High Energy LHC (HE-LHC) is a proposed hadron collider situated
in the already existing LHC tunnel. It aims at achieving a
center of mass energy of 27 TeV, almost doubling the design
c.o.m. energy of the LHC. This increase in energy relies
on the use of 16 T Nb3 Sn dipoles to be developed for the
FCC-hh. The field quality of these dipoles is expected to
have a big impact on the Dynamic Aperture (DA) at injection
energy and subsequently tracking studies are conducted to
evaluate the impact of magnetic field errors on the beam
dynamics. In the following the results of these studies for
the different injection energies considered for the HE-LHC
are presented and a possible strategy for increasing the DA
is discussed.

INTRODUCTION
The HE-LHC, studied in the framework of the Future Circular Collider study [1], is a proposed successor to the High
Luminosity LHC (HL-LHC). Located in the same tunnel as
the LHC and using the 16 T Nb3 Sn dipoles, developed for
the FCC-hh, the target center-of-mass energy of this collider
is set to 27 TeV. As no major civil engineering is envisaged
for the installation of the HE-LHC, the accelerator has to
fit in the existing LHC tunnel while still reaching the target
energy goal. This together with physical aperture considerations at injection and partial redesigns of some insertions
puts severe constraints on the lattice design. The latest status and developments of the HE-LHC lattice design can be
found in [2]. The parameters of the injected beam coming
from the Super Proton Synchrotron (SPS) are assumed to be
same as for the HL-LHC. A comparison of the key parameter
of the (HL-)LHC and the HE-LHC is presented in Table 1.
Using the current SPS as an injector for the HE-LHC the
injection energy would remain at 450 GeV, resulting in an
energy swing of a factor 30 for the HE-LHC magnets. The
HE-LHC design studies also considered the option of a new,
superconducting SPS, which would increase the injection
energy up to 1.3 TeV [3]. At injection energy the field quality of the HE-LHC main dipoles is one of the major factors
determining the size of the region of stable motion in phase
space, also called dynamic aperture (DA). The current status
for the DA at injection energy, using magnetic field error
∗
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Parameter

(HL-) LHC

HE-LHC

Center of mass energy [TeV]
Dipole Field [T]
𝛽∗𝑥,𝑦 [m]
No. of bunches per beam
Norm. Emittance [µm]
Bunch Population [1011 ]
Beam Current [A]
Bunch Spacing [ns]

14
8.33
(0.15) 0.55
2760
(2.5) 3.75
(2.2) 1.15
(1.1) 0.58
25

27
16
0.45
2808
2.5
2.2
1.12
25

tables for the latest 16 T dipole design, is presented in the
following.

DYNAMIC APERTURE
The DA is computed for two HE-LHC lattice options
and at three different injection energies (450 GeV, 900 GeV,
1.3 TeV). The tracking code SixTrack [7] is used to track
particle pairs for 105 turns and using 5 different angles in
x-y space. The tunes of the HE-LHC lattice are set to the
fractional parts of the design injection tunes of the LHC
(0.28/0.31) and the linear chromaticity is corrected to +2
units. The RF-voltage and momentum offset Δ𝑝/𝑝 are set
according to Table 2. Magnetic field errors are assigned to
Table 2: RF Parameters for Both HE-LHC Lattices [8]. The
Δ𝑝/𝑝 corresponds to 75% of the bucket height.
Energy
[GeV]

18 arc cell lattice
Voltage Δ𝑝/𝑝
[MV]
[10−4 ]

23 arc cell lattice
Voltage Δ𝑝/𝑝
[MV]
[10−4 ]

450

10.7

6.53

10.4

8.27

900

10.8

4.61

10.5

5.84

1300

10.8

3.84

10.6

4.86

the main dipoles following [9]
𝑏𝑛 = 𝑏𝑛𝑆 +

𝜉𝑈
𝑏 + 𝜉𝑅 𝑏𝑛𝑅 ,
1.5 𝑛𝑈

(1)

where 𝑏𝑛𝑆 , 𝑏𝑛𝑈 , and 𝑏𝑛𝑅 denote the systematic, uncertainty
and random error component, respectively, and 𝜉𝑈 and 𝜉𝑅
are random numbers with a Gaussian distribution cut at
1.5 𝜎 and 3 𝜎, respectively. The same random number 𝜉𝑈
is used for dipoles belonging to the same arc whereas 𝜉𝑅
changes for each dipole. 60 different initialisations of the
random number generator (also called seeds) are used. Since
the last report [10] the design of the dipoles has changed
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PROSPECTS FOR FUTURE ASYMMETRIC COLLISIONS IN THE LHC
M.A. Jebramcik∗1 , J.M. Jowett, CERN, 1211 Geneva 23, Switzerland
1 also at Goethe University Frankfurt, 60438 Frankfurt am Main, Germany
Abstract
The proton-lead runs of the LHC in 2012, 2013 and 2016
provided luminosity far beyond expectations in a diversity
of operating conditions and led to important new results in
high-density QCD. This has permitted the scope of the future
physics programme to be expanded in a recent review. Besides further high-luminosity proton-lead (p–Pb) collisions,
lighter nuclei are also under consideration. A short protonoxygen run, on the model of the 2012 p-Pb run, would be of
interest for cosmic-ray physics. Collisions of protons with
argon, other noble gases and nuclei of lighter metals are also
discussed. We provide an overview of the operational strategies and potential performance of various options. Potential
performance limits from moving beam-beam encounters at
injection and various beam-loss mechanisms are evaluated
in the light of our understanding of the LHC to date.

INTRODUCTION
The simultaneous acceleration of two diﬀerent particle
species were not considered in the initial design of the LHC.
The two-in-one magnet design requires them to be injected
and accelerated with the same magnetic rigidity [1] and
the feasibility of this was doubted, based on experience
elsewhere [2, 3]. The slightly diﬀerent velocities of the two
beams lead to moving long-range beam-beam encounters
in the interaction regions (IRs) and can cause fast beam
losses and emittance blow-up [4]. The successful protonlead (p–Pb) pilot run in 2012 [5] and, especially, the higherintensity run in early 2013 [6], showed that the LHC beams
are not susceptible to this kind of beam-beam interaction.
A second one-month run in multiple conditions took place
in 2016 [7, 8]. The p–Pb runs were principally intended
as reference data for comparison with Pb–Pb collisions but
have proved to be much more than that. Each of these three
runs yielded important new results in high-density quantum
chromodynamics (QCD).
Further Pb-Pb and p-Pb runs, with higher luminosity,
are foreseen for the next 10 years of operation of the LHC
and HL-LHC as conﬁrmed in a recent major review by the
heavy-ion physics community [9]. This review also made
the physics case for collisions of lighter nuclei with each
other (A–A) and with protons (p–A) for later. It included
preliminary performance estimates for a variety of A–A collisions at beam energies of E = 7 Z TeV showing that lighter
species could yield higher integrated nucleon-nucleon luminosities than Pb–Pb. A potential proton-oxygen (p–O)
pilot run, similar to the 2012 p–Pb [5] or 2017 xenon–xenon
pilot run [10], is envisaged for Run 3 of the LHC to enhance
the understanding of cosmic rays [9]. In addition to oxygen,
∗
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other lighter ion species are also considered for future asymmetric collisions with protons in full intensity one-month
runs. The ion choice is restricted by many parameters but
particularly by the temperature required to evaporate the
respective material for the ion source. Hence, we consider
noble gases like argon (Ar), krypton (Kr) and xenon (Xe).
Calcium (Ca) is also studied.

MOVING ENCOUNTER POINTS AND RF
LOCK
At the injection energy of E = 450 Z GeV, the long-range
beam-beam encounter positions in the IRs move by


2
c2 mA
2
dt ≈ C 2
− mp
(1)
4pp Z 2
per turn in the propagation direction of the proton beam.
Here, C is the circumference, c the speed of light, mi the
particle mass of either p or A and pp is the proton momentum. The shift per turn for the diﬀerent ion species in p–A
operation are given in Tab. 1. Main parameter deﬁning the
shift size is the charge-to-mass ratio diﬀerence between the
protons and the respective ion species.
During the acceleration to target energy, the RF frequencies of the two beams are independently varied and the RF
frequency diﬀerence shrinks towards higher energies. Once
at target energy, the RF frequencies are locked to the mean
RF frequency f˜RF = 12 ( fRF,p + fRF,A ) of the two systems
causing a relative momentum shift for both beams


1 c2 m2A
2
δp = −δA ≈
− mp
(2)
η 4p2p Z 2
with the slippage factor η. The proton (ion) beam experiences a positive (negative) momentum change forcing it
onto an outer (inner) orbit. The momentum shift creates
β-beating that may require correction [11].
In the case of Pb, the shift of the encounters and the momentum shift are the largest among the ion species considered (see Tab. 1) because Pb has the smallest charge-to-mass
ratio. It has been shown in the past that the beta beating
can be easily corrected and eﬀects from moving encounters
are very small. Recent studies predict that they will remain
so, with no operational restrictions for p–Pb in Run 3 and
beyond [4]. Hence, the inﬂuence of moving encounter points
on the other ion species should be even less pronounced and
can therefore be neglected.

BEAM PARAMETERS
Following [9], a highly-simpliﬁed estimate of the bunch
population is derived from past performance of the injector chain supplying beams for ﬁxed-target experiments at
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MOVING LONG-RANGE BEAM-BEAM ENCOUNTERS IN HEAVY-ION
COLLIDERS
M.A. Jebramcik∗ 1 , J.M. Jowett, CERN, 1211 Geneva 23, Switzerland
1
also at Goethe University Frankfurt, 60438 Frankfurt am Main, Germany
Abstract
Asymmetric ion beam collisions like proton-lead in the
LHC or gold-deuteron in RHIC have become major components of heavy-ion physics programmes. The injection and
ramp of two different ion species with the same magnetic
rigidity and consequently unequal revolution frequencies
generate moving long-range beam-beam encounters in the
interaction regions of the collider. These encounters led to
fast beam losses and can cause emittance blow-up as observed in RHIC in the early 2000s and, more recently, in
2015. Yet such effects are absent at the LHC so the difference
between the two colliders requires explanation.
Tools and models have been developed to describe the
beam dynamics of moving long-range beam-beam encounters and to predict the evolution of emittance and other beam
parameters. Besides presenting results for RHIC and the
LHC we give an outlook for the HL-LHC and potential
operational restrictions.

INTRODUCTION
The simultaneous acceleration of two particle types with
different charge-to-mass ratios requires special acceleration
schemes in heavy-ion colliders like the LHC at CERN and
RHIC at Brookhaven National Laboratory (BNL) (see Fig. 1).
Assuming that the beams are kept on the central orbits, the
two-in-one design of the main bending magnets enforces
the same magnetic rigidity 𝐵𝜌 on the two beams during the
energy ramp of the LHC. RHIC on the other hand, has the
advantage of independent rings of magnets for each beam,
allowing acceleration with different rigidities 𝐵𝜌 (within certain limits arising from geometry and the common magnets
in the straight sections). Accelerating with the same rigidity
causes the two beams to have different velocities at injection and during acceleration and their RF frequencies 𝑓RF
have to be varied independently. It has been shown [1] that
this cannot be avoided with feasible radial displacements
of the orbits. This acceleration scheme led to unstable behavior in RHIC during gold-deuteron (Au–D) operations
in 2002/2003 [2] and during a test with aluminium-proton
(Al–p) in 2015 [3]. The cause was long-range beam-beam
encounter positions moving along the interaction regions
(IRs) because of the different revolution frequencies, 𝑓0 , of
the two beams. This led to doubts whether beams of different
charge-to-mass ratio could ever be accelerated in the LHC although simple diffusion models and arguments based on the
strength of the interactions [1] suggested otherwise. Indeed,
there was no sign of such effects during the p–Pb pilot run
in 2012 [4], nor in the p–Pb runs in 2013 [5] and 2016 [6],
∗
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Figure 1: Schematic layout of the LHC (left) and RHIC
(right).
which achieved 3–4 orders of magnitude more luminosity.
All used equal rigidity injection and acceleration. In this
paper we present a more detailed model reproducing the
effects in the LHC and RHIC and investigate whether larger
bunch numbers and higher bunch intensities may influence
the LHC beams in Run 3 and beyond (HL-LHC [7]).

MOVING BEAM-BEAM ENCOUNTERS
Although the beams are typically separated by a few mm at
injection, they still interact via long-range beam-beam forces
at a number of points all along the interaction regions where
they share a common beam pipe. Thanks to the different
revolution frequencies, the positions of these long-range
beam-beam encounters shift by
𝑑𝑡 ≈ 𝐶

𝑐2 𝑚12 𝑚22
(
−
)
4𝑝2p 𝑍12 𝑍22

(1)

per turn. Here, the indices 1, 2 denote the two ion species, 𝐶
is the circumference, 𝑐 the speed of light, 𝑚 the ion mass, 𝑍
its atomic number and 𝑝p is the proton momentum at equal
rigidity. The long-range beam-beam kick on a particle of
the first beam (index 1) is (Δ𝑥 ′ , Δ𝑦′ ) ≈ (𝑥, 𝑦)𝑘/𝑟 2 with
𝑟 2 = 𝑥 2 + 𝑦2 and 𝑘 = 2𝑁2 𝑟𝑝 𝑚𝑝 𝑍1 𝑍2 / (𝑚1 𝛾1 ). Here 𝑟p is
the classical proton radius, 𝑁 the bunch intensity, and 𝑚p is
the proton mass. The shift 𝑑𝑡 and the difference of the two 𝑓RF
become smaller towards higher energies. At target energy,
both 𝑓RF are locked to their central frequency enforcing equal
frequencies 𝑓0 , small radial orbit shifts and momentum shifts
𝛿𝑝 ≈ ±𝜂𝑑𝑡 /𝐶 on both beams [1] with 𝜂 being the slippage
factor.
The moving beam-beam encounters cause resonant behavior according to the resonance condition
𝑙𝑄𝑥 + 𝑛𝑄𝑦 = 𝑗 + 𝑞 ⋅ (2 + 𝑄𝑣 ) ℎb

(2)

where (𝑙, 𝑛, 𝑗, 𝑞) ∈ ℤ4 , 𝑄𝑣 = (𝑣2 − 𝑣1 )/𝑣1 is an effective
“tune“ arising from the difference of beam velocities 𝑣, and
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HE-LHC OPTICS DESIGN OPTIONS
J. Keintzel∗1 , M. Crouch , M. Hofer1 , T. Risselada, R. Tomás, F. Zimmermann
CERN, Geneva, Switzerland
L. van Riesen-Haupt, John Adams Institute, University of Oxford, Oxford, UK
1 also at Vienna University of Technology, Vienna, Austria
Abstract
The High Energy Large Hadron Collider (HE-LHC), a
possible successor of the High Luminosity Large Hadron
Collider (HL-LHC) aims at reaching a centre-of-mass energy of about 27 TeV using basically the same 16 T dipoles
as for the hadron-hadron Future Circular Collider FCC-hh.
Designing the HE-LHC results in a trade off between energy reach, beam stay clear as well as geometry offset with
respect to the LHC. In order to best meet the requirements,
various arc cell and dispersion suppressor options have been
generated and analysed, before concluding on two baseline
options, which are presented in this paper. Merits of each
design are highlighted and possible solutions for beam stay
clear minima are presented.

INTRODUCTION
Various possible successors of the Large Hadron Collider
(LHC) are studied within the framework of the Future Circular Collider (FCC) study [1]. Within this framework, effort
is put into the design of the High Energy LHC (HE-LHC),
a synchrotron with 26.7 km circumference, which aims at
reaching 27 TeV centre-of-mass (c.o.m.) energy using of the
same 16 T dipoles the hadron-hadron FCC (FCC-hh). Therefore, this accelerator is planned to achieve twice the c.o.m.
energy of the LHC, while being installed in the tunnel which
hosted already the LHC and the Large Electron Positron
collider (LEP). On one hand, installing the HE-LHC in the
existing tunnel has the advantage of less civil engineering
work, while, on the other hand, it imposes strong geometry
constraints on the layout. As a result, the functionalities of
the eight Interaction Regions (IRs) [2] remain unchanged
from LHC. The main experiments are therefore located in
IR1 and IR5, Beam 1 and Beam 2 are injected in IR2 and IR8,
respectively, the RF insertion is located in IR4, momentum
collimation and betatron collimation insertions located in
IR3 and IR7, respectively, as well as the beam dump of both
beams in IR6. In addition, in the tunnel of the Super Proton
Synchrotron (SPS) which provides currently 450 GeV beam
energy, a new fast ramping superconducting synchrotron
(scSPS) with an extraction beam energy above 1 TeV could
be installed to serve as injector for the HE-LHC.

BASELINE OPTIONS
Before concluding on the two baseline designs described
in this paper, different arc FODO cell and dispersion suppressor options have been generated and matched using
∗
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MAD-X [3] and analysed. In order to generate a tremendous number of lattice configurations, a tool named ALGEA
(Automatic Lattice GEneration Application) was developed,
which is continually being improved. Detailed results can
be found in [4, 5].

Arc Cells
The cell length is chosen to keep the bending radius in the
arcs similar to LHC. With a filling factor of 81 % achieved
by a 18×90 (18 LHC-like FODO cells per arc with 90° phase
advance per cell) design, a c.o.m. energy of 27 TeV can be
reached, whereas a 23×90 design provides a c.o.m. energy
of roughly 26 TeV, assuming 16 T dipoles. At injection energy however, the 23×90 profits from the smaller beam size
and dispersion and has, therefore, a larger beam stay clear
(BSC) compared to the 18×90 design. The most promising
configurations are a 18×90 and a 23×90 design, where the
latest parameters are summarised in Table 1.
Table 1: Parameters of the HE-LHC Design Options
Parameter

Unit

18×90

23×90

Cell Length
Dipoles per Cell
Dipole Length
Filling Factor
Quadrupole Length
Quadrupole Strength
βmin /βmax in Cell
Dmin /Dmax in Cell
c.o.m. Energy at 16 T
Field for 27 TeV
BSC at 450 GeV

m
−
m
%
m
T/m
m
m
TeV
T
σ

137.19
8
13.92
81
2.8
335
41/230
1.7/3.6
27.24
15.8
7.51

106.90
6
13.73
77
3.3
352
32/177
1.1/2.2
25.83
16.7
8.78

Every dipole (MB) is equipped with a sextupole spool
piece corrector (MCS). In addition, an octupole and decapole corrector (MCO, MCD) are attached to every second
dipole. The short straight section (SSS), the bending-free
space between a dipole and a quadrupole (MQ), contains an
orbit corrector (MCB), a sextupole (MS), a Beam Position
Monitor (BPM) and a trim quadrupole (MQT). It has to be
noticed, that eight MQTs per arc are exchanged against four
octupoles and four skew quadrupoles. Moreover, four MS
per arc are replaced by skew sextupoles. Further details can
be found in [6]. In Fig. 1 the two different cell layouts are
shown.
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Abstract
The quadratic dependence of the orbit on the relative
momentum ofset, also known as second-order dispersion,
is analysed for the Ąrst time for the LHC. In this paper, the
measurement and analysis procedure are described. Results
and implications on future optics are discussed.

INTRODUCTION
(1)

βx ( j) Õ 
1
ηx,2 ( j) =
− κ − mη2x,1 (i)
2 sin(πQ x ) i
2
p
+kηx,1 (i) βx (i) cos(φ x,i j − πQ x ) ,

(3)

ηy,1 = ηy,2 = 0 ,

(4)

where κ = 1/ρ with the dipole bending radius ρ, k and
m are the normalised quadrupole and sextupole strengths,
respectively, β refers to the β-function, Q x to the horizontal tune and φ x,i j = φ x, j − φ x,i when j > i or φ x,i j =
φ x, j − φ x,i + 2πQ x when j < i to the phase advance between the longitudinal positions i and j. The sum extends
over all dipoles, quadrupoles and sextupoles, where for large
machines like the LHC, higher-order terms in κ and terms
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Figure 1: Average of optics functions ratios over β-beating.
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Horizontal

on the relative momentum ofset δ p = ∆p
p is known as the
dispersion function, where ηz,1 and ηz,2 refer to the linear
and second-order dispersion, respectively, and z is one of the
transverse coordinates x or y. ηz,1 is generated by dipoles
and quadrupoles, and in an ideal Ćat machine where dipoles
bend only horizontally, the vertical dispersion is zero. In
a machine like the LHC, however, vertical dispersion is
generated through crossing angle bumps close to the Interaction Point (IP) and therefore vertical bending [1], as well as
through betatron coupling or misalignments of quadrupoles.
A general equation of motion of z including elements up
to third order can be found in [2]. With the approximation
given in Eq. (1), it is possible to derive simpliĄed diferential equations of motion. An approach for a general solution
for higher-order dispersion is given in [3]. By neglecting
coupling and vertical bending it reads
p
βx ( j) Õ p
ηx,1 ( j) =
κ βx (i) cos(φ x,i j − πQ x ) , (2)
2 sin(πQ x ) i

∗

 η /q β ®
x
η mdlx, /q β mdl
®

2

0

The dependence of the orbit change ∆z
∆z = ηz,1 δ p + ηz,2 δ2p ,

 ®
x,
®
ηηmdl
Ratio
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including the dispersion deviation with respect to the longi′ , have been neglected [3]. The derived
tudinal position, ηx,1
Eqs. (2)-(4) agree with [4], divided by a factor 2. It has to be
noticed that Eqs. (2)-(4) need to be adapted in the presence
of linear coupling. As expected, ηx,1 is generated by linear
Ąeld terms, whereas higher-order Ąelds generate ηx,2 . In addition, Ąeld errors, present in magnetic elements, coupling,
as well as feed-down through misaligned elements, impact
the orbit and therefore the second-order dispersion [2, 5].
Normalised dispersion ωz,n can be measured independently of Beam Position Monitor (BPM) calibration errors [6]. The averages of ηx,2 and ωx,2 are constant over
a large range of β-beating, generated by applying increasing
Ąeld errors to model simulations, as seen in Fig. 1, where
the superscript mdl refers to an error-free model. Regarding
the measurements, ηz,n is obtained by a Ąt of the closed orbit
(CO) over δ p , and scaled as
ωz,n =

mdl
ηz,n hωz,1 i
,
ηz, n
Az
A

(5)

z

where Az is the measured mean amplitude of the betatron
oscillation, n the order of the dispersion and the linear model
mdl = η mdl /(β mdl )1/2 . In an ideal
normalised dispersion ωz,1
z
z,1
mdl i is zero, thus leading to vanishing ω
Ćat machine, hηy,1
y,n ,
which is therefore not discussed. Nevertheless, future optics
measurements of ballistic optics [7] with non-zero hηy,1 i
can be performed to analyse ωy,n .
In the presence of dispersion, the transverse position of a
particle reads [5]
p
(6)
z = 2 βz Jz cos ϕz + ∆z ,
with the action Jz and the angle variable ϕz . In Gaussian
beam distributions hz2 i = σz2 , with the transverse beam size
σz . Assuming δ p follows a Gaussian distribution with the
maximum at δ p = 0, it follows that hδ pn i = 0 for odd n and
hδ2p i = σp2 . If δ p is uncorrelated to 2hJz i = ǫz and ϕz it
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Abstract
In 2018, a large fraction of the physics data taking at the
Large Hadron Collider has been performed with a beam
energy of 6.5 TeV, the nominal bunch spacing of 25 ns and
beta functions at the high luminosity interaction points of
30 cm. In order to maximize the integrated luminosity, the
crossing angles are gradually reduced as the beam intensity
reduces due to luminosity burn-oﬀ. In these conditions the
beam lifetime is visibly aﬀected by collective eﬀects and
in particular by beam-beam interaction and electron cloud
eﬀects. By analysing the beam losses at a bunch-by-bunch
level, it is possible to disentangle the contributions from
diﬀerent eﬀects and to assess the impact on the losses of
changes applied to the machine conﬁguration.

BEAM LOSSES DURING THE BETATRON
SQUEEZE

At the Large Hadron Collider (LHC), during the energy
ramp that accelerates the beam to 6.5 TeV, the optical beta
functions at the high-luminosity interaction points (β∗ ) are
gradually reduced down to 1 m. Before bringing the beams
in collision, β∗ is further reduced down to 30 cm in a dedicated betatron squeeze process which lasts approximately
10 minutes. The last portion of this optics manipulation is
made using a telescopic method [1, 2].
The blue line in Fig. 1 shows the beam lifetime recorded
over several luminosity ﬁlls at the beginning of the 2018 run.
It can be noticed that the beam lifetime reduces signiﬁcantly
towards the end of the process, especially for β∗ smaller
than 40 cm. In this contribution, we refer always to the
beam circulating clockwise (Beam 1). The same features are
observed also on the other beam but in a less pronounced
fashion. The origin of this asymmetry has not been identiﬁed
yet and is presently under investigation.
The origin of such degradation of the beam lifetime is
believed to be a reduction of the machine Dynamic Aperture (DA) provoked by the reduction of β∗ . The dominant
non-linear eﬀects inducing the reduction of the DA are the
Beam-Beam Long-Range (BBLR) interactions and electron
cloud (e-cloud) eﬀects. Both these eﬀects are expected to
act diﬀerently on diﬀerent bunches within the beam [3, 4].
In order to optimize the beam lifetime, the fractional betatron tune settings over the squeeze process were changed
from (Q x, Q y ) = (0.31, 0.32) to (0.305, 0.315) to increase
the DA as illustrated in Fig. 2 [5, 6]. This modiﬁcation was
∗
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Figure 1: Top: β∗ evolution during the betatron squeeze
process. Bottom: beam loss rate during the betatron squeeze
before and after the lifetime optimization.

Figure 2: Simulation of DA as a function of the betatron
tunes. Dots represent the chosen tune settings.

Figure 3: Number of BBLR interactions at each of the highluminosity interaction points for the diﬀerent bunches of a
circulating bunch train. Groups of bunches that are analyzed
in detail are highlighted in diﬀerent colours.
based on tracking simulation studies including magnetic nonlinearities from the machine lattice and beam-beam eﬀects,
but not e-cloud eﬀects [7].
The LHC beam is made of several trains injected individually into the machine, separated by gaps of 800 ns. Each
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OPERATION AND PERFORMANCE OF THE CERN LARGE HADRON
COLLIDER DURING PROTON RUN 2
R. Steerenberg†, R. Alemany-Fernandez, M. Albert. T. Argyropoulos, E. Bravin, G. Crockford,
J.-C. Dumont, K. Fuchsberger. R. Giachino, M. Giovannozzi, G.-H. Hemelsoet, W. Höfle,
D. Jacquet, M. Lamont, E. Métral, D. Nisbet, G. Papotti, M. Pojer, L. Ponce, S. Redaelli,
B. Salvachua, M. Schaumann, M. Solfaroli Camillocci, R. Suykerbuyk, G. Trad, S. Uznanski,
J. Uythoven, D. Walsh, J. Wenninger, M. Zerlauth, CERN, 1211 Geneva 23, Switzerland
Abstract
Run 2 of the CERN Large Hadron Collider (LHC)
started in April 2015 and was successfully completed on
10th December 2018, achieving largely all goals set in
terms of luminosity production. Following the first twoyear long shutdown and the re-commissioning in 2015 at
6.5 TeV, the beam performance was increased to reach a
peak luminosity of more than twice the design value and a
colliding beam time ratio of 50%. This was accomplished
thanks to the increased beam brightness from the injector
chain, the high machine availability and the performance
enhancements made in the LHC for which some methods
and tools, foreseen for the High Luminosity LHC (HLLHC) were tested and deployed operationally. This contribution provides an overview of the operational aspects,
main limitations and achievements for the proton Run 2.

reached in 2018. In 2018, the LHC was routinely operated
with an average peak luminosity that was twice the design
value, mainly thanks to the higher-than-design beam
brightness from the injector chain and the lower-thandesign value of the b-function at the interaction points
(b*).

LHC PERFORMANCE SUMMARY
This contribution summarizes the LHC proton operation [1], as such the heavy ion periods during Run 2 [2-6]
are not subject of this contribution.
The LHC produced 160 fb-1 of integrated luminosity at
a beam energy of 6.5 TeV during Run 2 for each of the
two high-luminosity experiments, ATLAS and CMS,
resulting in a total of 189 fb-1 accumulated for Run 1 and
2 combined. Figure 1 provides a yearly overview of the
integrated luminosity since the start of the LHC. From
this plot, the commissioning years 2011 (Run 1) and 2015
(Run 2) can clearly be distinguished from the production
years 2012 (Run 1), 2016, 2017 and 2018 (Run 2).

Figure 2: Evolution of the peak luminosity.
Not only the high peak luminosity resulted in a higher
integrated luminosity, but also the time the beams were
actually in collision, the stable beam time ratio, exceeded
initial expectations. Table 1 provides an overview of the
LHC availability and its time distribution [7-9]. During
the production years, 2016 until 2018, the beams were
actually in collision for close to 50% of the scheduled
machine time.
Table 1: Machine Availability Breakdown for Protons
Year

Stable Beam

Downtime

Operation

2015

33% (455 h)

30% (426 h)

37% (511 h)

2016

49% (1840 h)

26% (980 h)

25% (919 h)

2017

49% (1634 h)

19% (653 h)

32% (1075 h)

2018

49% (1932 h)

24% (943 h)

27% (1069 h)

Many of the machine and beam parameters evolved
during Run 2 either under the influence of issues encountered or as a result of performance-enhancing changes
that were implemented. Table 2 gives an overview of the
main parameters for the Run 2 compared to the LHC
design values [10].
Figure 1: Overview of the integrated LHC luminosity.
The design peak luminosity of 1´1034 cm-2s-1, indicated
by the green dotted line in Fig. 2, was exceeded in 2016
and a record peak luminosity of 2.07´1034 cm-2s-1 was

LHC OPERATION SUMMARY
The LHC started in 2015 at 6.5 TeV with 50 ns bunch
spacing to minimize e-cloud effects. The switch to the
standard 25 ns bunch spacing was made in July.

_________________________________________
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LHC RUN 2 OPTICS COMMISSIONING EXPERIENCE IN VIEW OF
HL-LHC∗

Abstract
β∗

LHC Run 2 has achieved a lower than a factor 2 below
design. This has significantly challenged optics measurement and correction techniques in the linear and non-linear
regimes, leading to the development of new approaches.
Furthermore, experimenting a large variety of optics has
allowed facing the difficulties of future optics and gaining
understanding of the machine imperfections. A summary of
these aspects is given in view of their implications for the
HL-LHC Project.

RUN 2
Run 2 was preceded by a successful optics correction
campaign in 2012 [1–3] and a thorough development of new
algorithms and tools during the first long shutdown [4–7].
Figure 1 shows the minimum β∗ deployed in LHC proton
physics during Run 2. Achromatic Telescopic Squeeze Optics (ATS) [8] became operational in 2017 starting with no
enhancement of the β function in the arcs (tele-index of 1) at
β∗ =40 cm. The rms β-beating averaged over both beams and
both planes is also shown in the bottom plot of Fig. 1. The
optics errors had changed between 2012 and 2015, partially
due to the energy change, and corrections had to be recomputed from scratch in 2015 [9]. The best optics quality was
achieved in 2016 with flat orbit by using K-modulation [10]
measurements to recompute corrections. During 2016 measurements with crossing angles revealed that feed-down from
higher order magnetic errors in the Interaction Regions (IRs)
significantly deteriorated the β-beating but corrections could
not be deployed in the middle of the year. Moving to ATS
optics slightly deteriorated the optics quality after correction,
as seen in Fig. 1 by comparing the 2016 and 2017 measurements with flat orbit. A similar deterioration was observed
also in coupling, which originates from the 90◦ phase advance per cell in four arcs in ATS optics [11]. Since 2017,
optics corrections are computed with the crossing angles’
operational configuration [12,13]. The modest improvement
in rms β-beating between β∗ =40 cm and β∗ =30 cm during
2017 is mostly attributed to an improvement in the IR nonlinear corrections which affect β-beating via feed-down. The
β from phase measurement was improved in 2017 by replacing MonteCarlo simulations with analytical equations [14].
The optics quality slightly degraded at the smallest β∗ ever
operational in LHC (β∗ =25 cm) partly due to the fact that
∗
†
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Figure 1: Run 2 at a glance:
tele-index (top) and rms
β-beating (bottom) averaged over the two planes and two
beams, with and without operational (OP) crossing angle.
Note that the 2016 measurement with OP bumps misses one
plane out of four.
the corrections from β∗ =30 cm were kept without further
iterations.
HL-LHC optics commissioning significantly challenges
current techniques in terms of efficiency and accuracy due to
the large number of optics to be commissioned for luminosity
leveling and for the small β∗ of 15 cm in the baseline or even
the 7.5 cm in the alternative with flat optics and larger teleindex [15]. Some of these aspects are addressed below.

K-MODULATION
K-modulation has been the key technique to measure and
correct β∗ and waist position during Run 2. Accuracy of
K-modulation rapidly degrades with smaller β∗ due to the
poorer resolution on the tune shift measurement dominated
by power supply fluctuations and β functions in triplets and
arcs [15–18]. HL-LHC power supply fluctuations yield a
tune jitter of 4.2×10−5 in the baseline configuration and
2.9×10−5 if four main dipoles’ power supplies are upgraded.
HL-LHC K-modulation simulations predict a 4% accuracy
in β∗ for a tune uncertainty of 2.5×10−5 and 8.5% for
4.2×10−5 [18]. To test the assumptions relating power supply fluctuations and tune jitter a measurement campaign was
carried out during Run II [19]. Figure 2 shows tune jitter
measurements and simulations for different optics at 6.5 TeV.
The lowest measured tune jitter of 10−5 was found for the
ballistic optics, which has IR1 and IR5 triplet quadrupoles
switched off [20], in good agreement with simulations. However, in other regular optics with similar expected tune jitter,
e.g. β∗ =90 m, the measured tune jitter is significantly larger.
This suggests triplet quadrupoles as potential sources of extra tune jitter. Globally, in 30% of the cases there is a good
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TUNING STUDIES OF THE CLIC 380 GEV FINAL-FOCUS SYSTEM
J. Ögren∗ , A. Latina, D. Schulte, R. Tomás
CERN, Geneva, Switzerland
Abstract
We present tuning studies of the Compact Linear Collider final-focus system under static imperfections including
transverse misalignments, roll errors and magnetic strength
errors. The tuning procedure consists of beam-based alignment for correcting the linear part of the system followed by
sextupole pre-alignment and use of multipole tuning knobs.
The sextupole pre-alignment is very robust and allows the
tuning time to be greatly reduced.

Multiparticle simulations, including synchrotron radiation, are done in PLACET [10] with 105 macroparticles. The
luminosity is evaluated using beam-beam simulations based
on GUINEA-PIG [11]. In order to have a more realistic
energy spread in the incoming beam we use a beam from an
integrated simulation [12] where particles are tracked all the
way from the exit of the damping ring to the end of the main
linac. In this report, for simplicity, we only consider singlebeam tuning which means that we only simulate a single
beamline and mirror the beam distribution at the interaction
point for the beam-beam simulation.

INTRODUCTION
Future linear colliders typically have low repetition
rates and rely on ultra-small beam sizes at the interaction point (IP) to achieve high luminosity. This requires
small emittances and tight tolerances for emittance preservation in the main linacs. For the Compact Linear Collider
(CLIC) [1, 2] 380 GeV energy stage, the nominal luminosity
of 1.5×1034 cm−2 s−1 is reached by focusing the beams to
rms beam sizes of σx / σy = 149 / 2.9 nm at the interaction
point. In Table 1, we summarize the target beam parameters. After the two main linacs the beams are collimated in
the beam delivery system and transported to the final-focus
system where the beams are demagnified before collision
at the IP. The current baseline consists of a local chromaticity correction scheme [3] and an L ∗ = 6 m, which allows
the final-doublets to be mounted outside the detector volume [4, 5]. Tuning of the final-focus system is particularly
challenging due to the nonlinear optical elements and this is
a topic that has been studied extensively for the CLIC 3 TeV
machine with static imperfections [6–8] and also including
dynamic imperfections [9]. In this report we consider singlebeam tuning of the CLIC 380 GeV final-focus system under
the effects of static imperfections, with the aim to improve
on the tuning procedure and tuning time.
Table 1: CLIC 380 GeV Beam Parameters
Norm. emittance, linac end (εx /εy )
Norm. emittance, IP (εx /εy )
Beta function at IP (β⋆x /β⋆
y)
Target IP beam size (σx /σy )
Bunch length
rms energy spread
Bunch population
Number of bunches
Repetition rate
Luminosity
Peak luminosity
∗
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[nm]
[nm]
[mm]
[nm]
[µm]
[%]
[109 ]
[Hz]
[cm−2 s−1 ]
[cm−2 s−1 ]

900 / 20
950 / 30
8.2 / 0.1
149 / 2.9
70
0.35
5.2
352
50
1.5·1034
0.9·1034

TUNING PROCEDURE
The tuning procedure aims to achieve nominal performance when the system has imperfections. Our procedure
consists of the following steps:
1. Beam-based alignment (BBA) with all multipoles
switched OFF
2. Pre-alignment of sextupoles by powering them one-byone and monitoring luminosity
3. Sextupole linear knobs (transverse position)
4. Octupole linear knobs (transverse position)
5. Sextupole linear knobs (transverse position), second
iteration.
In order to have a robust method different subsystems should,
if possible, be corrected independently. The different steps
are presented briefly below and more details can be found
in [13].

Beam-Based Alignment
To have sufficient chromatic correction and not introducing additional imperfections it is important to have a wellcorrected linear system. We perform all-to-all beam-based
alignment where we move the quadrupoles to correct trajectory and dispersion. The linear system can be expressed [14]
as
 y®traj   Rtraj 

 

w y®disp  = wRdisp  c®
(1)

 

 0®   βI 

 

where trajectory and dispersion depends linearly on the corrector settings c®, which in our case are the quadrupole transverse positions. The response matrices Rtraj and Rdisp are
measured on the misaligned machine and we put a weight w
on the dispersion to have trajectory and dispersion treated
equally. Finally, the last line in (1) is introduced for numerical stability during inversion and favors solution with small
corrector magnitudes.
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EFFECT OF EMITTANCE CONSTRAINTS ON
MONOCHROMATIZATION AT THE FUTURE CIRCULAR e+ e−
COLLIDER ∗
M.A. Valdivia García† , U. Guanajuato, Mexico, and CERN, 1211 Geneva 23, Switzerland;
F. Zimmermann, CERN, 1211 Geneva 23, Switzerland
Abstract
e+ e−

Direct s-channel Higgs production in
collisions is
of interest if the collision energy spread can be comparable to the natural width of the standard model Higgs boson. At the Future Circular e+ e− Collider (FCC-ee) [1], a
monochromatization scheme could be employed in order to
reduce the collision energy spread to the target value. This
may be achieved by introducing, at the interaction point (IP),
a non-zero horizontal dispersion of opposite sign for the two
colliding beams. In this case, the beamstrahlung increases
the horizontal emittance in addition to energy spread and
bunch length. The vertical emittance could either be tuned
to a certain minimum value, possibly limited by the diagnostics resolution, or it could scale linearly with the horizontal
emittance. For the FCC-ee at 62.5 GeV beam energy, we optimize the IP optics and beam parameters, considering these
two assumptions for the vertical emittance. We derive the
maximum achievable luminosity as a function of collision
energy spread for either case.

INTRODUCTION
Monochromatization [2–9] could allow for direct Higgs
production in the s channel, e+ e− → H, at a beam energy Eb
of 62.5 GeV, and also provide the energy resolution required
to precisely measure the width of the Higgs particle. The
monochromatic collision of electrons and positrons can be
realized by introducing IP dispersion of opposite sign for
the two colliding beams, so that the spread in the√ centerof-mass (c.o.m.) energy W, (σw /W)m.c. = σδ /( 2λ), is
reduced by the monochromatization (m.c.) factor λ =
q

D∗x 2 σδ2 /(εx βx∗ ) + 1, where σδ ≡ σEb /Eb denotes the relative beam energy spread (which for ultra-relativistic beams is
equal to the relative momentum spread), Eb the beam energy,
βx∗ the horizontal beta function at the IP, D∗x the horizontal
IP dispersion function, and εx the horizontal emittance.

BEAMSTRAHLUNG
In present electron storage rings the equilibrium transverse
emittances, energy spread and bunch length are determined
by a balance of quantum excitation and radiation damping,
both occuring in the accelerator bending magnets [10]. At
future high-energy circular colliders, like FCC-ee [1] or
CEPC [11], also the synchrotron radiation emitted during
∗
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the collision in the electromagnetic field of the opposing
beam becomes important. This additional radiation, which is
called “beamstrahlung” [12–16], significantly increases the
equilibrium bunch length and energy spread [17–19]. With
non-zero dispersion at the IP, as required for monochromatized collisions [2], beamstrahlung also affects the transverse
beam emittance [9, 19].
For all proposed high-energy circular colliders, the beamstrahlung can be described by classical radiation formulae [19]. In this case we can approximate the average number
of photons per collision as [16]
nγ ≈

12 αre Nb
12 αre Nb
,
≈ 3/2
σx∗
π 3/2 σx∗ + σy∗
π

(1)

where α denotes the fine structure constant (≈ 1/137), re ≈
2.8 × 10−15 m the classical electron radius, Nb the bunch
∗
population, and σx(y)
the horizontal (vertical) rms IP beam
size. The average relative energy loss, δB [20],
re3 γNb2
re3 γNb2
24
24
δB ≈ √
≈
,
√
∗
∗
3 3π 3/2 σz (σx + σy )2 3 3π 3/2 σz σx∗ 2

(2)

depends on the rms bunch length σz . The average photon
energy normalized to the beam energy, ⟨u⟩, is given by
√
2 3 re2 Nb γ
δB
≈
.
(3)
⟨u⟩ =
nγ
9 ασz σx∗
The quantum excitation of oscillations, which gives rise
to energy spread and emittance, is the product of the mean
square photon energy ⟨u2 ⟩ and the mean rate [10]. In the
case of beamstrahlung, the mean rate is simply given by nγ
divided by the average time interval between collisions (half
the revolution period, with two interaction points).
In the classical radiation regime and for a constant bending
radius ρ, the mean squared photon energy ⟨u2 ⟩ is related to
the average photon energy ⟨u⟩ via [10]
⟨u2 ⟩ ≈

25 × 11 2
⟨u⟩ (constant ρ).
64

(4)

For a Gaussian bunch, with locally-varying bending radius, the relation between ⟨u⟩ and ⟨u2 ⟩ is more complex [21].
In particular, in Ref. [21] we discussed the dependence of
this relation on the transverse beam aspect ratio for the case
of a head-on collision.
In general (4) must be modified as [21]
25 × 11 2
⟨u⟩ ,
(5)
64
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MACHINE PROTECTION EXPERIENCE FROM BEAM TESTS WITH
CRAB CAVITY PROTOTYPES IN THE CERN SPS∗
B. Lindstrom1 , H. Bartosik , T. Bohl , A. Butterworth , R. Calaga , L.R. Carver2 , V. Kain
T.E. Levens , G. Papotti , R. Secondo , J. Uythoven , M. Valette , G. Vandoni , J. Wenninger
D. Wollmann , M. Zerlauth , CERN, Geneva, Switzerland
1 also at Uppsala University, Uppsala, Sweden, 2 also at University of Liverpool, Liverpool, UK
Abstract
Crab cavities (CCs) constitute a key component of the
High Luminosity LHC (HL-LHC) project. In case of a
failure, they can induce significant transverse beam offsets
within tens of microseconds, necessitating a fast removal of
the circulating beam to avoid damage to accelerator components due to losses from the displaced beam halo. In
preparation for the final design to be employed in the LHC,
a series of tests were conducted on prototype crab cavities
installed in the Super Proton Synchrotron (SPS) at CERN.
This paper summarizes the machine protection requirements
and observations during the first tests of crab cavities with
proton beams in the SPS. In addition, the machine protection implications for future SPS tests and for the use of such
equipment in the HL-LHC are discussed.

INTRODUCTION
Crab cavities will be used in the HL-LHC to counteract
the loss of luminosity due to the increase of the crossing
angle [1] by providing a longitudinally dependent transverse
kick to the beam. With kicks up to 3.4 MV, they are capable
of producing critical beam losses within tens of microseconds in the case of a failure [2, 3]. A reliable interlocking
strategy must therefore be employed, to ensure that the beams
are extracted by the beam dumping system when a failure or
incorrect operational parameters are detected.
In preparation for the series production, tests on prototype
CCs were conducted in the SPS, the last accelerator in the
injector chain before the LHC [4, 5]. Having a lower energy,
less beam intensity and being non-superconducting with
short cycles, it provides a flexible and relatively safe base
for the prototype tests. Nevertheless the SPS beam is still
capable of causing damage when uncontrolled beam losses
occur [6], and it is necessary for the CC tests to be conducted
either at safe beam intensities/energies, or with appropriate
fast hardware interlocks in place. The implementation and
testing of these interlocks provides important experience for
the HL-LHC and for further use of CCs in the SPS.

CRAB CAVITIES IN THE SPS
The two prototype cavities installed in 2018 were of the
Double Quarter Wave (DQW) type and acted vertically on
the beam [7]. They were installed in LSS6 in a cryomodule
mounted on a translation table, enabling their removal from
the beamline when not in use [8]. The prototype RF Dipole
∗
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cavities, acting horizontally, will be tested in 2022 at the
same location. There are two operational modes for the
CCs: phased mode, where both CCs apply the same kick to
the bunch; and counter-phased mode, where the second CC
cancels the kick of the first, giving transparent operation.
The CC failure modes can be classified as follows: voltage
drop, phase jump, detuning and quenching [3]. The maximum orbit offset due to a kick of the CCs, normalized to the
transverse beam size σ, follows from:
r
qV
βCC γ
∆y(s) =
·
E
ǫn
where q is the elementary charge, V the CC voltage, E
the beam energy, βCC the vertical betatron function at the
position of the CCs, ǫn the normalized emittance and γ the
Lorentz factor. With an emittance of ǫn = 2.5 µm · rad and
βCC = 76 m, this gives a kick of 1.12 and 0.35 σ/MV at 26
and 270 GeV respectively, the beam energy range used.
In the SPS, the internal dump has a slightly smaller vertical aperture than the overall machine, namely 7.3 σ at
injection energy, but in reality beam losses following a failure depend on the actual orbit as well as the phase advance
from the CCs. Due to the rather large aperture of the SPS, it
is unlikely that a simple kick from the CCs would cause any
unacceptable beam losses. Subsequently, neither voltage
drops nor phase jumps are a concern for the SPS.
The worst case is a detuning of the cavity, with a continuous phase slip in resonance with the betatron tune. For a
CC voltage of 2 MV and a beam energy of 270 GeV, the rise
time of the orbit excursion was determined from simulations
with MAD-X [9] to be on the order of 100 SPS turns. Since
one SPS turn takes ∼ 23 µs, relying on the SPS beam loss
monitors (BLMs) to detect the resulting losses and dump the
beam is not sufficient due to its reaction time of 20 ms [10].
Detuning and similar failures can occur in different ways:
• Synchronization problems between CC and main beam
RF: if the frequency between the two RF systems is not
synchronized, there is a continuous slip in the phase of
the kick with respect to the beam.
• Change of the main RF during energy ramp: In the
SPS the CCs cannot follow the rapid frequency swing
of the main beam RF of ∆ f = 130 kHz during the
∼ 6 s long energy ramp from 26 to 270 GeV, making
synchronization impossible.
• Low Level RF driving a change of frequency or phase,
e.g. due to CC tuning or operational errors.
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UPDATED HIGH-ENERGY LHC DESIGN∗
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Abstract
We present updated design parameters for a future HighEnergy LHC. A more realistic turnaround time has led to a
revision of the target peak luminosity, as well as a choice of
a larger IP beta function, and longer physics fills. Pushed
parameters of the Nb3 Sn superconducting cable together
with a modified layout of the 16 T dipole magnets resulted
in revised field errors, updated dynamic-aperture simulations, and an associated re-evaluation of injector options.
Collimators in the dispersion suppressors help achieve satisfactory cleaning performance. Longitudinal beam parameters ensure beam stability throughout the cycle. Intrabeam
scattering rates and Touschek lifetime appear benign.

INTRODUCTION
The HE-LHC would provide pp collisions at a centre-ofmass energy of 27 TeV, using the existing 26.7 km LHC
tunnel infrastructure, and the same 16 T dipole magnets
as being developed for the FCC-hh [1]. In contrast to the
FCC-hh magnets, the HE-LHC magnets will be curved. Preliminary parameters of the HE-LHC were presented in [2].
A conceptual design report is being published [3]. Here we
review the overall design. Arc optics, dynamic aperture, experimental insertions, and collimation for heavy ion beams
are discussed in four companion papers [4–7].

OPTICS, LAYOUT & INJECTION
Two candidate arc optics for the HE-LHC were developed [2]. One of these is LHC-like with 23 cells per arc,
and 90∘ phase advance per cell. The other optics features
fewer (18), longer cells, which results in a larger dipole filling factor. The transition between arcs and dispersion-free
straight sections is formed by a so-called dispersion suppressor (DS) [5]. In order for HE-LHC to fit into the existing
∗
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tunnel, the geometrical footprint of the HE-LHC must be
matched to that of LEP or of the LHC. The offset in the arcs
may generally be reduced to about 2 cm peak-to-peak [5].
However, the geometrical offset of the HE-LHC or LHC
DS with respect to LEP depends on the total deflection of
the 8 bends in each DS, whose strength and length could be
adjusted individually.
After the LHC Injector Upgrade (LIU) [8], an extremely
bright proton beam will be available. Injection into the
HE-LHC could be accomplished from a new fast ramping
superconducting (SC) synchrotron in the SPS tunnel (scSPS).
SC magnets with double-layer coils would allow an injection
energy of 1.3 TeV, which provides an adequate dynamic and
physical aperture and has been chosen as a solid baseline.
Alternative injector scenarios include injection at 900 GeV
from a single-layer coil SC synchrotron in the SPS tunnel,
or injection from the existing warm SPS at 450 GeV.
The nonlinear fields of the Nb3 Sn dipole magnets, due to
persistent currents in the superconducting cable, limit the
dynamic aperture at injection. To obtain an acceptable field
quality, for the HE-LHC Nb3 Sn magnets, the effective filament size of the SC wire is chosen as 20 µm, which is smaller
than the 50 µm filament diameter of the HL-LHC conductor. A further improvement is expected from the addition
of Artificial Pinning Centres (APCs), with a realistic target
value for the pinning efficiency taken to be 50%. Requiring
a dynamic aperture above 12𝜎, as for the LHC design, and
including the positive effect of magnet sorting, the injection
energy must be at least 900 GeV [4].

OPERATION AND 𝛽∗ CHOICE
The longitudinal emittance needs to be kept constant during the physics store, in order to maintain longitudinal Landau damping. On the other hand, the transverse emittance
shrinks due to the strong radiation damping, while the proton
intensity rapidly decreases. At the HE-LHC the proton burnoff time is comparable to the radiation damping time. This
situation is qualitatively different from the LHC (where radiMC1: Circular and Linear Colliders
A01 Hadron Colliders
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INVESTIGATION OF CLIC 380 GeV POST-COLLISION LINE
R.M. Bodenstein∗†1 , P.N. Burrows1 , JAI at University of Oxford, Oxford, UK
L.J. Nevay1 , A. Abramov1 , S.T. Boogert, JAI at Royal Holloway University of London, Egham, UK
D. Schulte, R. Tomás, CERN, Meyrin, Switzerland
1 also at CERN, Meyrin, Switzerland
Abstract
It has been proposed that the Compact Linear Collider
(CLIC) be commissioned in stages, starting with a lowerenergy, 380 GeV version for the first stage, and concluding
with a 3 TeV version for the final stage. In the Conceptual Design Report (CDR) [1] published in 2012, the post-collision
line is described for the 3 TeV and 500 GeV stages. However, the post-collision line for the 380 GeV design was not
investigated. This work will describe the simulation studies
performed in BDSIM [2] for the 380 GeV post-collision line.

GOALS
The goal of any post-collision line study is to make sure
that both collided and uncollided beams can be safely guided
to a dump. These beamlines must be able to account for
large energy spreads, wrong-charge particles, and minimize
deposition on beamline components.
This work was performed for the CLIC Project Implementation Plan [3], which was presented to the European
Strategy Update in December of 2018. For this work, the
goal was to confirm that the post-collision line design previously investigated for the 3 TeV phase of CLIC [4–6] will
work for the initial 380 GeV phase. It is important to note
that the design of the dump itself is not included in this work.

PREVIOUS WORK
Previous studies of the CLIC post-collision line (PCL)
focused almost entirely on the 3 TeV version of the machine.
Mentions of lower-energy versions were briefly discussed,
but no in-depth, detailed studies were performed. Several
versions of the 3 TeV post-collision line have been made
[4–6], and while overall the layouts are similar, they differ
in various details.
For the present work, the authors generally endeavored
to use the same design as that described in the CDR [1].
Occasionally, design aspects from other sources were used
instead. Additionally, minor changes were made when it improved the overall design, or when designs were inconsistent
with each other.

OVERVIEW OF PRESENT DESIGN
The majority of the overall layout remains the same as
those found in [4–6]. The distances remain the same from
the interaction point (IP), as well as between the magnets and
intermediate dump (ID). The authors opted to use the 50 m
∗
†
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version of the final drift to the dump, as in [4]. All of the
geometries in this study were created using a python-based
Boolean geometry toolkit, pyg4ometry [7, 8].
One change involved the first set of window-frame magnets. Described in the CDR and elsewhere, these magnets
were to have lengths of 0.5 m and 3.5 m, respectively. However, this is inconsistent with the designs made by the magnet
group [9]. Here, each magnet was 2 m in length. Both versions were tested in BDSIM, and the results were identical
for both 3 TeV and 380 GeV. The authors opted to use the
2 m versions, as this is what the magnet group designed.
Minor changes were also required with the carbon-based
masks in between each window-frame magnet. The aperture
sizes of these masks were not consistently reported, so the
authors chose for this initial study to match the aperture
size to the beampipe size at each location. This may not
be optimal, but for the purposes of this initial study it is
sufficient.
All of the beampipes upstream of the intermediate dump
are elliptical cones which gradually increase in size from the
IP to the ID. Most of this growth occurs in the y-plane, as
the beam is highly divergent in this plane after the IP. These
shapes are consistent with previous designs.
The window-frame magnets are also consistent with previous design studies. A new beampipe shape was added to
the BDSIM functionality to take into account the elliptical
beampipes inside of these magnets.
The intermediate dump remains geometrically the same
as previous designs. The geometry allows for wrong-charge
particles to be deposited into the upper part of the ID, lowerenergy particles to be deposited in the lower part of the ID,
and particles close to nominal energy to pass through the
aperture. The geometry for the intermediate dump is shown
in Fig. 1.
The beampipes downstream of the ID match previous descriptions as well. At the end closest to the ID, the beampipe
has a two-half-ellipse design, which can be shown in Fig. 2.
As the beampipe continues past the C-shaped dipoles to the
main dump (MD), this shape gradually changes to a racetrack
shape just before the main dump. The C-shaped magnets
allow for this two-half-ellipse beampipe shape. The main
dump geometry is based on that described [10].
Figure 3 shows the overall 3D layout of the PCL.

BDSIM SIMULATIONS
To begin the simulation process, the settings are tested
interactively in BDSIM. This is done with a fewer number
of particles (approximately 1000) in order to make sure that
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DEVELOPMENTS IN THE EXPERIMENTAL INTERACTION REGIONS
OF THE HIGH ENERGY LHC∗
L. van Riesen-Haupt† , J.L. Abelleira, E. Cruz Alaniz, JAI, University of Oxford, Oxford, UK
J. Barranco, T. Pieloni, C. Tambasco, EPFL, Lausanne, Switzerland
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Abstract

The High Energy LHC (HE-LHC) aims to collide
13.5 TeV protons in two high luminosity experiments and
two low luminosity experiments. In the following, the recent
updates in the two high luminosity experimental interaction regions (EIR) of the HE-LHC will be illustrated. In
this update the β∗ was increased from 0.25 m to 0.45 m
to reduce beam-beam effects, while keeping the luminosity
goal. On top of the triplet optics designed to achieve this,
this paper will present energy deposition driven separation
dipole designs, optics solutions for the matching section and
dispersion suppressors as well as studies involving the integration into the lattice options. In particular it will outline
geometric considerations as well as results from dynamic
aperture studies.

INTRODUCTION
The Future Circular Collider (FCC) study [1] explores
various accelerator options to succeed the Large Hadron
Collider (LHC) and High Luminosity LHC (HL-LHC). One
option aims to construct a hadron-hadron collider (FCC-hh)
in an approximately 100 km circumference tunnel. By using
novel Nb3 Sn technology to produce 16 T dipoles, the FCChh aims to reach a centre of mass (CoM) energy of 100 TeV.
The High Energy LHC (HE-LHC) plans to use the same
Nb3 Sn technology, but would be constructed in the 27 km
LHC tunnel, resulting in a CoM energy of approximately
27 TeV [2]. An overview of the design parameters for the
machines discussed above is shown in Table 1.
Table 1: Table Showing Various Machine Parameters for
FCC-hh, HE-LHC and (HL-)LHC
Parameter
C [km]
Ebeam

 [TeV]
N ×1011
ǫ¯ [µm]
β∗ [cm]
θ/2
 [µrad]

L ×1034 cm−2 s−1

FCC-hh
100
50
1
2.2
30
88
30

HE-LHC
27
13.5
2.2
2.5
45
165
28

(HL-)LHC
27
7
1.15 (2.2)
3.5 (2.5)
55 (15)
143 (250)
1 (17)

The target energy of 27 TeV can not be reached by simply increasing the magnetic field of the LHC optics, but
requires a careful redesign of the arcs to increase the filling
factor whilst ensuring the machine fits in the LHC tunnel [3].
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Similarly, the optics of the interaction regions (IRs) in the
eight straight sections have to be optimised to fulfil their purposes despite the more rigid beam. A first design of the two
high luminosity experimental IRs (EIRs) was outlined in [4].
Since then the β∗ was increased from 0.25 m to 0.45 m in
order to achieve a more level luminosity evolution [5] and
the crossing angle was increased from 12.5 σ to 16.8 σ to
mitigate long range beam-beam effects. In the following the
motivations for these changes and their impact on the design
will be briefly discussed. In particular, this paper will look
at the beam stay clear (BSC) in the triplet and at the dynamic
aperture (DA) in the machine under these new conditions.

CROSSING ANGLE, β ∗ AND BEAM-BEAM
EFFECTS
The strength of the long-range beam-beam effects defines
the final choices on the crossing angle and the available
aperture in the triplet for a defined β∗ . This is evident looking
at the beam to beam separation at the first encounter in the
drift space defined as:
p
(1)
dsep = θ · β∗ γ/ǫn .
In order to establish satisfactory beam dynamics behaviour in the presence of beam-beam interactions, we follow
the same criteria used for the design of the LHC [6] and the
HL-LHC collision schemes [7], i.e. maintain a target value
of the DA around 6 σ for the HE-LHC emittance of 2.5 µm
in the presence of the beam-beam effects and no magnetic
errors. Based on LHC experience and studies [8, 9] and experimental observations, this choice avoids the appearance
of chaotic motion with associated losses and emittance deterioration [10]. For the HE-LHC a beam-beam separation
of approximately 17 σ is needed to ensure a DA of approximately 6.0 σ as shown in Fig. 1 where the DA is shown as
a function of dsep for the nominal intensity (the blue line)
and for slightly lower values (the red and green lines). This
separation will ensure a good control of the beam-beam long
range effects at all stages of the collider operational cycle.
Figure 1 clearly indicates that the impact of a normalised
separation of 12.5 σ, as initially foreseen, would be too severe for safe operation. This larger crossing angle becomes
feasible since an increased β∗ operation at 45 cm is proposed
in order to get a more level luminosity evolution [11]. This
allows increasing the normalized separation from 12.5 to
16.8 σ while keeping the crossing angle at 330 µrad, as can
be easily deduced from Eq.1. This implies that the required
crab cavity voltage remains unchanged and the energy deposition studies from the previous iteration remain valid [12].

MC1: Circular and Linear Colliders
A01 Hadron Colliders

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPMP040

US CONTRIBUTION TO THE HIGH LUMINOSITY LHC UPGRADE:
FOCUSING QUADRUPOLES AND CRAB CAVITIES
G. Apollinari, R. H. Carcagno, G. Ambrosio, S. Feher, L. Ristori,
Fermi National Accelerator Laboratory [60510] Batavia, USA
Abstract
In the early 2000's, the US High Energy Physics community contributing to the Large Hadron Collider (LHC)
launched the LHC Accelerator R&D Program (LARP), a
long-vision focused R&D program, intended contribute to
a quick LHC commissioning and to bring the Nb3Sn and
other technologies to a maturity level that would allow applications in HEP machines [1-2]. Around 2015, the technologies developed by LARP, CERN and other institutions
were mature enough to allow the spin-off of a major upgrade project to the LHC complex, the High Luminosity
LHC (HL-LHC) [3]. This paper will focus on the US contribution to HL-LHC, namely the large-aperture low- focusing Nb3Sn quadrupoles and the Radio Frequency Dipole (RFD) Crab Cavities, located in close proximity to the
ATLAS and CMS experiments.
This contribution, called the HL-LHC Accelerator Upgrade Project (HL-LHC AUP), focuses on production of
these quadrupoles and cavities by sharing the work among
a consortium of US Laboratories (FNAL, LBNL, BNL and
SLAC) and Universities and in close connection with the
CERN-led HL-LHC Collaboration. The collaboration
achieved commonality of specifications and uniformity of
performance. Final development of design, construction
and first results from the prototypes are described to indicate the status of these critical components for HL-LHC.

INTRODUCTION
The LHC is a break-through machine. The 2012 observation of the Higgs boson, the simplest possible type of elementary particle (no spin, no charge, only mass) and yet
the last “predicted” particle of the Standard Model to be
observed, has shown once more that we do not have a clear
understanding for what can explain the mass of the Higgs
itself. The Higgs appears as a “lonely beast, unaccompanied by other particles” [4], which provides even more motivation to keep searching for hints of Beyond the Standard
Model physics at the LHC. These searches rely on higher
energy and higher luminosities.
The LHC is now operating at a center-of-mass energy
of 13 TeV and is expected to reach the design energy of
14 TeV. The LHC also achieved a record instantaneous Luminosity of 2.1 x 1034 cm-2 s-1. Over a period of two and
a half years (2024 to 2026), an upgrade to the LHC called
the High Luminosity LHC, will be installed to increase the
instantaneous luminosity to 7.5 x 1034 cm-2 s-1 (approximately three times higher than w h a t is currently possible) and to increase the delivered integrated luminosity by
a factor of ten.
In 2003, midway through the completion of the original
US contribution to the LHC construction, it was recognized
MOPMP040
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that a focused development effort would have enabled the
US accelerator community to be ready to construct the next
generation of upgrades at the appropriate time. The LARP
Program was established soon thereafter and funded at a
level of approximately 10-12M$/y since 2006. LARP coordinated the efforts of the four National Laboratories involved in HEP (Brookhaven, Fermi, Berkeley, and SLAC)
with inclusion of Universities and effort from other national labs such as Jefferson Lab, to focus on the technology needed for the “next generation upgrade”.
HL-LHC AUP is enabled by this directed R&D effort.
Thanks to the efforts of scientists supported by LARP, the
contributions discussed in the following have been researched and developed to demonstrate their effectiveness
in achieving the luminosity goal of HL-LHC. The inter-laboratory collaboration developed by LARP forms the
backbone for the execution of HL-LHC AUP in the US.

HL-LHC FOCUSING QUADRUPOLES
The reduction of the transverse beam size by approximately a factor of two in the interaction points will be
achieved in HL-LHC through the installation of new inner
triplet, low-β insertion cryoassemblies (Q1, Q2a, Q2b and
Q3) containing quadrupole magnets, called MQXF [5-9].
MQXF will feature a large aperture (150 mm), a higher
peak field (11.4 T), and will use Nb3Sn.

Requirements and Design
The Q1 and Q3 cryoassemblies of the final focusing
string will utilize US magnets (MQXFA), while the magnets (MQXFB) built at CERN will be used in the Q2a and
Q2b sections. The only difference between MQXFA and
MQXFB is the magnetic length. The requirements for the
MQXFA magnets are shown in Table 1.
Table 1: MQXFA Coil and Magnet Parameters
Parameter

Unit

Coil aperture diameter
Magnet (LHe vessel) outer diameter
No. turns in layer ½ (octant)
Operational temperature Top
Magnetic length (MQXFA)
Nominal gradient Gnom
Nominal current Inom
Nominal conductor peak field Bop
Inom / Iss at 1.9 K (for MQXFA)
Differential inductance at Inom
Stored energy at Inom (MQXFA)
Fx / Fy (per octant) at Inom
F layer1/layer2 (per octant)
Fz (whole magnet) at Inom

mm
mm
K
m
T/m
kA
T
%
mH/m
MJ
MN/m
MN/m
MN

Value
150
630
22/28
1.9
4.20
132.6
16.47
11.4
77
8.21
4.91
+2.47/-3.5
-1.84/-2.14
1.17

The Nb3Sn superconductor used in the US MQXFA
magnets is the Rod-Restack Process (RRP®) 108/127 from
Bruker [10]. Strand specifications are given in Table 2. An
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IMPROVING THE LUMINOSITY FOR BEAM ENERGY SCAN II AT RHIC
C. Liu∗ , M. Blaskiewicz, K.A. Drees, A.V. Fedotov, W. Fischer, C.J. Gardner, H. Huang,
D. Kayran, Y. Luo, G. Marr, A. Marusic, K. Mernick, M. Minty, C. Montag, I. Pinayev,
S. Polizzo, V. Ranjbar, D. Raparia, G. Robert-Demolaize, T. Roser, J. Sandberg, V. Schoefer,
T. Shrey, S. Tepikian, P. Thieberger, A. Zaltsman, K. Zeno, I. Zhang, W. Zhang,
Brookhaven National Lab, Upton, NY, USA.
Abstract
The Quantum Chromodynamics (QCD) phase diagram
has many uncharted territories, particularly the nature of the
transformation from Quark-Gluon plasma (QGP) to the state
of Hadronic gas. The Beam Energy Scan I (BES-I) at the
Relativistic Heavy Ion Collider (RHIC) was completed but
measurements had large statistical errors. To improve the
statistical error and expand the search for ﬁrst-order phase
transition and location of the critical point, Beam Energy
Scan II commenced in 2019 with a goal of improving the
luminosity by a factor of 3-4. The beam lifetime at low
energies was and will be limited by some physical eﬀects of
which the most signiﬁcant are intrabeam scattering, space
charge, beam-beam, persistent current eﬀects. This article
will review these potential limiting factors and introduce the
countermeasures which are or will be in place to improve
BES-II luminosity.

INTRODUCTION
The Quantum Chromodynamics (QCD) phase diagram
[1], arguably one of the most important graphs in nuclear
physics, has many uncharted territories. In particular, the nature of the transformation from Quark-Gluon plasma (QGP)
to the state of Hadronic gas is totally unknown [2]. A beam
energy scan [3, 4], scanning the phase diagram with variable
collision energy, has been conducted at RHIC to explore the
ﬁrst-order phase transition and determine the location of a
possible critical point. The beam energy scan I (BES-I) [5]
was completed in 2014 and resulted in improved understanding of many physics phenomena [6]. However, the transition
between QGP and hadronic gas has not been understood yet.
The BES-I program oﬀered limited statistics because the
RHIC luminosity decreases steeply at lower energies. Therefore, the beam energy Scan II (BES-II) was planned with the
luminosity improved by a factor of ∼ 4 at the same beam energies as BES-I (3.85, 4.55, 5.75, 7.3 and 9.8 GeV/nucleon).
The beam lifetime at BES-I energies was limited by some
physical eﬀects [7–9], of which the most signiﬁcant are intrabeam scattering, space charge, beam-beam, and persistent
current eﬀects. These eﬀects have been understood better
through beam operation in BES-I and beam studies over the
years [7, 10–12]. Corresponding countermeasures [13–19]
for these physical eﬀects have been either conceived or tested
before the start of BES-II.

INTRABEAM SCATTERING AND
ELECTRON COOLING
Intrabeam Scattering
At BES-I/II beam energies, which are well below the
transition energy (∼24 GeV/nucleon for Au beam), both the
longitudinal and transverse beam emittances grow rapidly
due to intrabeam scattering (IBS) [18, 20], the small angle
scattering process between the particles in a bunched or a
coasting beam.
Table 1: IBS Induced Longitudinal Beam Emittance Growth
Time (τ ) and Transverse (τ⊥ ) Beam Emittance Growth Time
at BES-I/II Beam Energies with 28 MHz Cavities and 9 MHz
Cavities
Energy
(GeV/nucleon)
3.85
4.55
5.75
7.3
9.8

28 MHz cavities
Nppb (109 ) τ (mins) τ⊥ (mins)
0.5
18
43
0.5
28
63
1.1
14
28
1.8
33
49
2.1
56
77

9 MHz cavities
Nppb (109 ) τ (mins) τ⊥ (mins)
0.6
20
117
0.8
19
134
1.3
20
131
2.1
14
142
2.3
15
150

The luminosity lifetime was limited by the IBS eﬀect during BES-I operation [13] in addition to lattice nonlinearity
and space charge. The IBS beam emittance growth times at
BES-I/II beam energies, calculated using BETACOOL [21],
range from ten minutes to tens of minutes as shown in Table 1. The bunch intensities are diﬀerent when using the 28
or 9 MHz cavities due to the diﬀerence in longitudinal acceptance of the two RF systems. The 28 MHz cavities were
used for all beam energies during BES-I operation. Three
new 9 MHz cavities per accelerator [22] will be used for the
three lowest energies during BES-II operation.

Low Energy RHIC Electron Cooling

cliu1@bnl.gov

Low Energy RHIC electron Cooling (LEReC) [23], using
a linear electron accelerator, has been constructed and is
now being commissioned to combat the IBS eﬀect by cooling RHIC ion beams, and therefore to improve luminosities
at the three lowest beam energies. Electron bunches are
generated by a 400 kV DC electron photocathode gun [24];
these bunches then go through a chain of cavities, which
includes a 704 MHz superconducting booster cavity, a 2.1
GHz normal-conducting copper cavity to linearize the beam
energy chirp, a 704 MHz normal-conducting cavity to reduce the energy spread of individual bunches and a 9 MHz
normal-conducting cavity to reduce the energy droop along
a bunch train due to beam loading. Each electron macrobunch, consisting of 30 micro-bunches of 40 ps length at 704
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RHIC HEAVY ION OPERATION WITH NEAR-INTEGER WORKING
POINT
C. Liu∗ , G. Marr, A. Marusic, M. Minty, V. Schoefer, Brookhaven National Lab, Upton, NY, USA.
Abstract
The interplay of space charge and beam-beam eﬀects
limits the beam lifetime at low energies at the Relativistic
Heavy Ion Collider (RHIC). To improve the beam lifetime,
a near-integer working point (0.09/0.085) was tested at ﬁxed
energy and during acceleration. In the demonstration experiments and following operation at 13.5 GeV, we observed the
beneﬁt of the near-integer working point on beam lifetime,
however, also its complication on beam conditions. This
article presents the experimental results of operation with a
near-integer working point.

QUEST OF NEW WORKING POINT AT
RHIC
Near-integer working point provides a larger tune space
for heavy ion beam with non-negligible space charge and
beam-beam eﬀects [1]. RHIC has been operated at tunes
of (0.235, 0.225) for many years for high energy heavy ion
program after some attempts at other working points [2].
However, lifetime of ion beam was limited at and below
injection energy (9.8 GeV/nucleon) at these tunes. It was
demonstrated that beam loss with collision was lower with
tunes below 0.1 at and below injection energy [3], where
luminosity drops signiﬁcantly with beam energy. During
Beam Energy Scan I and II [4], where beams collide with
energy below, at and slightly above injection energy, it is
beneﬁcial to ﬁnd out whether beam can be accelerated and if
beam lifetime is better with these near-integer tunes. Therefore, working point (0.09, 0.085) was proposed for beam
acceleration from injection energy to 13.5 GeV and also for
beam collision at 13.5 GeV.
Near-integer working point also provides high stable polarization in addition to potential better lifetime for polarized proton beam with stronger beam-beam force [5]. Polarized proton beam has been operated with working point at
(0.695,0.685) for one beam and (0.685, 0.695) for the other,
which are between third order resonance (2/3) and a Snake
resonance (7/10). The dynamic aperture of the beam with
horizontal tune closer to 2/3 is visibly smaller than the other
beam. During the attempt of working point at (0.96,0.95),
beam was accelerated to top energy with a tune (0.89) further
away from integer to avoid orbit and optics distortion. However, the near-integer working point for polarized proton was
abandoned due to high background at the experiments [6].
Therefore, demonstration of beam acceleration and collision
at near-integer tunes in RHIC will be beneﬁcial for high
energy polarized proton operation as well.

DEMONSTRATION AND OPERATION OF
13.5 GEV/NUCLEON AU BEAM WITH
TUNES AT (0.09, 0.085)
The new working point was ﬁrst successfully demonstrated for 13.5 GeV/nucleon beam in a beam study.
This study ﬁrst setup the beam at injection energy (9.8
GeV/nucleon) with the new working point. Then the beam
was accelerated up to 13.5 GeV/nucleon with tunes kept
constant by tune feedback, orbit controlled by slow global
orbit feedback. Beam collision was afterwards established
at 13.5 GeV/nucleon beam energy.
The new working point was later adopted for beam operation at 13.5 GeV/nucleon for a week. The experimental
results presented in this paper are from this time period.
With the new working point, beam intensity was limited
due to beam loss in the arc during beam acceleration. For
later operation at 13.5 GeV/nucleon, the working point was
reverted back to (0.235, 0.225). In the following, we will
present the operational experience with tunes at (0.09, 0.085)
and comparison of beam conditions at these two diﬀerent
working points.

Orbit, Tune Control and Beam Loss During Beam
Acceleration with Tunes at (0.09, 0.085)
During beam acceleration, tune feedback was engaged to
keep the tunes constant (Fig. 1). However, tune variations
were observed during acceleration with the deviation of the
vertical tunes (0.02) larger than those of horizontal tunes
(0.01).

Figure 1: Measured tunes of ’Blue’ and ’Yellow’ beam
during beam acceleration. The acceleration started at the
ﬁrst vertical line, ended at the second vertical line.

cliu1@bnl.gov

With slow global orbit feedback (1 Hz) engaged to control
the orbit during beam acceleration, the orbit RMS were
found to be less than 0.5 mm for both beams (Fig. 2). Xmean
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MITIGATION OF PERSISTENT CURRENT EFFECTS IN THE RHIC
SUPERCONDUCTING MAGNETS
C. Liu∗ , D. Bruno, A. Marusic, M. Minty, P. Thieberger, Brookhaven National Lab, Upton, NY, USA
X. Wang, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
Abstract
Persistent currents in superconducting magnet introduce
errors in the magnetic ﬁelds especially at low operating
currents. In addition, their decay cause magnetic ﬁeld variations therefore drifts of beam orbits, tunes and chromaticities. To reduce ﬁeld errors and suppress magnetic ﬁeld
variations, new magnetic cycles were proposed for low energy beam operation at RHIC. The new magnetic cycle has
been demonstrated experimentally to reduce ﬁeld errors and
the amplitude of magnetic ﬁeld variations signiﬁcantly and
is essential for the ongoing RHIC Beam Energy Scan II
(BES-II) program. This article will present beam-based experimental studies of the persistent current eﬀects with the
new magnetic cycle.

INTRODUCTION
These persistent current eﬀects are especially strong for
the Beam Energy Scan II (BES-II) physics program at RHIC
[1, 2], where gold beam energy drops to as low as 3.85
GeV/nucleon (only 1/26 of the top beam energy). To compensate the sextupole ﬁeld errors induced by persistent currents, the polarities of some sextupole magnets had to be
reversed during past operation at low energy [3]. In addition,
signiﬁcant time was spent for the magnetic ﬁeld to reach a
steady state for beam operation.
To combat these persistent current eﬀects, we proposed a
new demagnetization magnet cycle [4] on all RHIC superconducting dipoles and quadrupoles. The magnet current
oscillates around the operating current with diminishing amplitude a few times in the demagnetization cycle, similar to
a “degaussing cycle” [5] tested on LHC magnets. Beambased studies demonstrated that the new cycle reduced the
sextupole ﬁeld error and its decay amplitude signiﬁcantly at
the RHIC injection energy.

HYSTERESIS CYCLE AND DECAY OF
PERSISTENT CURRENTS IN
SUPERCONDUCTING MAGNETS
The persistent currents cause hysteresis eﬀects in superconducting magnets because the polarity of the currents
reverses with increasing and decreasing main ﬁeld [6]. The
magnetic ﬁeld of superconducting magnets decay because
of persistent currents and coupling currents decay once the
external main ﬁeld stops ramping [7]. Flux creep [8] induces a decrease of the critical current density and produces
a logarithmic decay. Inter-ﬁlament and inter-strand coupling
currents develop when the external ﬁeld changes, and decay

when the external ﬁeld stays constant. Boundary induced
coupling currents result in diﬀerent currents in strands, the
redistribution of which can aﬀect the magnetization due to
changes of the local ﬁeld [9].

EXPERIMENTAL STUDIES ON
PERSISTENT CURRENTS WITH A
DEMAGNETIZATION CYCLE AT
INJECTION ENERGY
Experiment Overview
The new demagnetization cycle for RHIC dipoles and
quadrupoles, with the currents oscillating a few times with
a diminishing amplitude before settling at the operating current, is shown in Fig. 1. For comparison, the conventional
magnet cycle, with the current going to high amplitude then
back down to park current and up to operating current, is
shown in Fig. 2. The operating current in this study was for
the nominal gold beam injection energy of 9.8 GeV/nucleon.

800
700

Dipole
Quadrupole

600
Magnet currents (A)
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Figure 1: Demagnetization magnetic cycle: RHIC superconducting dipole and quadrupole currents are ramped up and
down several times, with intermediate current points at [50,
700, 200, 625, 275, 560, 340, 520, 430 A], before being held
constant at operating currents for beam injection.
The magnets (RHIC dipoles and quadrupoles) were
ramped through the demagnetization cycle twice. After
the ﬁrst magnet cycle, the dipole, quadrupole and the sextupole current were adjusted to compensate the diﬀerence
introduced by the demagnetization cycle. After the second
magnet cycle, the variation of magnetic ﬁelds were measured
by monitoring the drift of beam orbit, tunes and chromaticities.

Change of Magnetic Fields Induced by the Demagnetization Cycle

cliu1@bnl.gov

In this subsection, we observe and analyze ﬁrst the change
of high-order magnetic ﬁeld errors, which have potential
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LHC DOUBLER: CIC DIPOLE TECHNOLOGY MAY MAKE IT FEASIBLE
AND AFFORDABLE*
P.M. McIntyre† and D. Chavez, Texas A&M University, College Station, TX USA
J. Breitschopf, J. Kellams, A. Sattarov, Accelerator Technology Corp., College Station, TX USA
Abstract

ȁܤȁሺܶሻ

There is new physics-driven interest in the concept of an
LHC doubler with collision energy of 30 TeV and high luminosity. The cost-driver challenge for its feasibility is the
ring of 16 T dual dipoles. Recent developments in cablein-conduit (CIC) technology offer significant benefit for
this purpose. The CIC windings provide robust stress management at the cable level and facilitate forming of the
flared ends without degradation. The CIC windings provide a basis for hybrid windings, in which the innermost
layers that operate in high field utilize Bi-2212, the center
layers utilize Nb3Sn, and the outer layers utilize NbTi.
Cryogen flows through the interior of all cables, so that
heat transfer can be optimized throughout the windings.
The design of the 18 T dipole and the 27 kA CIC conductor are presented. Particular challenges for integration
in an LHC doubler are discussed.

INTRODUCTION
New developments in the phenomenology of SUSY [1]
have led during the past year to a realization that a further
increase of collision energy to ~30 TeV would probe substantially the entire parameter space predicted for SUSY.
That has motivated CERN to examine the possibility of
doubling the energy of LHC by replacing the 8 T magnet
ring by a >16 T ring [2-4] – HE-LHC, and the larger vision
of a 100 TeV hadron collider – FCC-hh [5]. Superconducting dipole R&D efforts are progressing at a number of laboratories world-wide [6]. The designs under development
utilize Rutherford cable in winding geometries of cos T,
block-coil, canted cos T and common-coil. All designs
face a number of daunting challenges: how to manage Lorentz stress within the thick windings; how to configure the
ends of each turn to accommodate the beam tube yet provide a compact stress support; how to integrate hybrid
windings that would minimize the quantity of the extremely expensive superconductors.
A collaboration among Texas A&M University
(TAMU), Accelerator Technology Corp. (ATC), and HyperTech Research is developed a novel cable-in-conduit
(CIC) that specifically address the above challenges [7].
The CIC windings provide high-strength support for all
coil elements, including the flared ends, and bypass Lorentz stress so that it cannot degrade wire performance at
high field. The CIC windings naturally accommodate a
hybrid block-coil geometry containing sub-windings of Bi2212, Nb3Sn, and NbTi that minimizes the amount of expensive high-field superconductor in the sub-windings
___________________________________________
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Bi-2212 Nb3Sn. NbTi

m

Figure 1: 19 T hybrid dual dipole. Lines of force and
color-codes of ȁܤȁ are shown at full excitation (27 kA).
The block-geometry CIC hybrid winding also facilitates
integration of a steel flux plate that suppresses the multipoles from persistent currents at injection field, so that a
30 TeV HE-LHC could accommodate injection at 500
GeV just like as LHC does.
The following sections describe the CIC design and fabrication, the robotic forming of CIC windings, and the
magnetic and mechanical design for an 18 T HE-LHC dipole shown in Fig. 1.

CIC FOR HYBRID DIPOLES
The fabrication sequence is illustrated in Fig. 2. The superconducting wires are cabled with a twist pitch around a
perforated thin-wall center tube of stainless steel (Fig. 2a).
A thin-foil tape overwrap is applied with opposite twist
pitch (Fig. 2c). The above sequence is repeated to cable a
second layer of superconducting wires for the 2-layer CIC
required for the HE-LHC dipole windings. The cable is
then pulled through a sheath tube (Fig. 2d), and the sheath
tube is drawn down upon the cable (Fig. 2e) to compress
the wires against the center tube and immobilize them. Fig.
3a shows a cross-section of a completed 2-layer CIC.
The perforations of the center tube provide fluid connection between the hollow interior of the center tube and the
void spaces among the wires. The enthalpy of the liquid
helium contacting the wire surfaces provides a valuable
stabilization against growth of micro-quenches.
The twist pitch O of the wires is chosen to be equal to the
arc length around a 90q bend on the cable ends with the
bend radius R needed for the desired winding geometry:
ߣ ൌ ߨܴȀʹ. With this choice, all wires have the same catenary length around the bend, so no differential strain is produced among the wires.
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6 T CABLE-IN-CONDUIT DIPOLE TO DOUBLE THE ION ENERGY FOR
JLEIC*
P.M. McIntyre†, D. Chavez, J. Gerity, Texas A&M University, College Station, TX USA
J. Breitschopf, J. Kellams, A. Sattarov, Accelerator Technology Corp., College Station, TX USA
Abstract
The proposed electron-ion collider JLEIC would make
high-luminosity collisions of polarized ions and polarized
electrons with electron energy up to 12 GeV and ion energy
up to 40 GeV/u. Both the luminosity and the collision energy could be increased by doubling the dipole field in the
ion ring from 3 T to 6 T, and the enhanced performance
would access the full range of parameters for the physics
objectives of the project.
A design is presented for a 6 T large-aperture dipole utilizing a novel NbTi cable-in-conduit (CIC) in its windings.
Details of the magnet design and development of the 2layer CIC will be presented.

INTRODUCTION
An Electron-Ion Collider (EIC) has been given priority
as the next new construction project for the Nuclear Physics Division of DOE. Two designs are being prepared:
eRHIC [1], in which a new electron storage ring would be
installed in the RHIC tunnel at BNL; and JLEIC [2], in
which a new ion storage ring would be built at JLab and
the 12 GeV electron beam would be injected to an electron
ring.
An NAS panel [3] recently evaluated both designs for
the requirements on collision energy and luminosity for the
physics objectives envisaged for the EIC project.
• How does the mass of the nucleon arise?
• How does the spin of the nucleon arise?
• What are emergent properties of dense gluon systems?
The NAS report concluded that neither EIC design currently meets the combination of beam energy and luminosity that would be required to cover the physics objectives:
it is unlikely that the eRHIC design can meet the luminosity goal, and the present choice of a 100 GeV ion ring for
JLEIC would not meet the collision energy goal.
If the energy of the Ion Ring for JLEIC were doubled,
both collision energy and luminosity would be enhanced
and JLEIC would access substantially the entire kinematic
domain characterized in the NAS report.
The baseline design of the Ion Ring utilizes 3 T
superferric dipoles whose windings are made from singlelayer cable-in-conduit [4]. Motivated by the potential
enhancement of the physics program, we have prepared a
design for a 6 T CIC dipole that would make it possible to
double the ion energy for JLEIC.
Figure 1 shows a cutaway view of the end region of the
6 T CIC dipole. Its design follows closely that of the 3 T
*This work was supported by the US Dept. of Energy, grants
DE-SC0017205 and DE-SC0015198.
†
email p-mcintyre@tamu.edu
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quench
heater

Figure 1: Cutaway of the 6 T CIC dipole design, showing
the FRP structure, the 4-layer CIC winding, the beam tube,
the steel flux return, and a quench heater.
JLEIC dipole: the CIC windings are arranged in a block
geometry, the ends are flared in a compact assembly, and
the winding comprises four layers of CIC windings instead
of three. The most important difference is that a 2-layer
CIC conductor is used, carrying a coil current of 23 kA. In
the following sections the development of this cable is
presented, the magnetic design of the dipole is presented,
and the enhancements that were required for fabricating the
cable and forming it into windings are discussed.

2-LAYER CABLE-IN-CONDUIT
The single-layer CIC used in the 3 T JLEIC dipole is
formed by cabling NbTi strands onto a thin-wall perforated
stainless steel (316SS) center tube with a twist pitch. Next
an over-wrap of SS foil tape is applied, and the cable is
inserted in a seamless CuNi sheath tube. Finally a CuNi
alloy sheath tube is drawn onto the cable to compress all
strands against the center tube and immobilize them.
Several innovations were important to the success of the
3 T CIC dipole, and each has been adapted for the 6 T CIC
design. First, a set of robotic benders (Fig. 2a) were developed to form a constant-radius bend of the CIC while maintaining the sheath tube to be round as it is bent. This is accomplished using conformal die sets and motorized drives.
Thus the sheath tube is actually deformed throughout the
bend to maintain its round contour, while the interior geometry remains benign to the enclosed registration of superconducting wires.
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PERFORMANCE OF CEC POP ACCELERATOR*
I. Pinayev†, Z.Altinbas, J.C.Brutus, A.Curcio, A.DiLieto, T. Hayes, R.Hulsart, P.Inacker, Y. Jing,
V.N.Litvinenko, J. Ma, G.Mahler, M. Mapes, K. Mernick, K.Mihara, T.Miller, M.Minty, G.Narayan,
I.Petrushina, F.Severino, K.Shih, Z.Sorrell, J.Tuozzolo, E. Wang, G. Wang, A.Zaltsman,
BNL, Upton, NY, U.S.A.
Abstract
Coherent electron cooling experiment is aimed for
demonstration of the proof-of-principle demonstration of
reduction energy spread of a single hadron bunch circulating in RHIC. The electron beam should have the required
parameters and its orbit and energy should be matched to
the hadron beam. In this paper we present the achieved
electron beam parameters including emittance, energy
spread, and other critical indicators. The operational issues
as well as future plans are also discussed.

INTRODUCTION
An effective cooling of ion and hadron beams at energy
of collision is of critical importance for the productivity of
present and future colliders. Coherent electron cooling
(CeC) [1] is a novel cooling method which would outperform existing techniques by orders of magnitude.
A dedicated experimental set-up, shown in Fig. 1, has
been under design, manufacturing, installation, and finally
commissioning during last few years [2-5]. The CeC system is comprised of the SRF accelerator and the CeC section followed by a beam dump system. It is designed to
cool a single bunch circulating in RHIC’s “yellow” ring
(indicated by yellow arrow in Fig. 1). A 1.5 MeV electron
beam for the CeC accelerator is generated in a 113 MHz
SRF quarter-wave photo-electron gun and first focussed by
a gun solenoid. For beam compression energy chirp is provided by two 500 MHz copper RF cavities, and bunch is
ballistically compressed in 9-meter long low energy beamline comprising five focusing solenoids. A 5-cell 704 MHz
SRF linac accelerates the compressed beam to 15 MeV. Accelerated beam is transported through an achromatic dogleg to merge with ion bunch circulating in RHIC’s yellow
ring. The design and demonstrated beam parameters are
shown in Table 1.
Table 1: CeC System Parameters
Parameter
Design
Achieved
Kinetic energy, MeV
21.95
15
Bunch charge, nC
0.5-5
9.0
Peak current, A
100
50
Bunch length, ps
10
12
400
120
Beam current, μA
In CeC interaction between ions and electron beam occurs in the common section: in the modulator, each hadron
___________________________________________

* Work supported by Brookhaven Science Associates, LLC under Contract
No. DE-AC02-98CH10886 with the U.S. Department of Energy
† pinayev@bnl.gov

MC1: Circular and Linear Colliders
A01 Hadron Colliders

induces density modulation in electron beam that is amplified in the high-gain FEL; in the kicker section, the hadrons
interact with the self-induced electric field of the electron
beam and receive energy kicks toward their central energy.
The process reduces the hadron’s energy spread, i.e. cools
the hadron beam. Fourteen quadrupoles are used to optimize the e-beam interaction with the ion beam and FEL
performance.
Finally, the used electron beam is bent towards an aluminium high-power beam dump equipped with two quadrupoles to over-focus the beam.

COMMISSIONING OF THE CEC SYSTEM
The CeC accelerator superconducting RF system uses
liquid helium from RHIC refrigerator system, which operates only during RHIC runs, typically from February till
end of June every year. Hence, the commissioning and operation of CeC accelerator is synchronized with RHIC
runs.
The commissioning of the CeC accelerator was accomplished during three RHIC runs: Runs 15, 16 and 17.
During the run 15, only SRF gun and a part of the low
energy beam line had been installed and commissioned.
The installation of the equipment was continued during the
RHIC maintenance days. We went through a steep learning
curve of how to condition and operate an SRF gun with
CsK2Sb photocathode and how to prevent its QE degradation. The run was very successful and the SRF gun generated electron bunches with 1.15 MeV kinetic energy and 3
nC charge per bunch.
The major installation of the CeC system, including all
common section with FEL, occurred during RHIC shutdown in 2016. We had received and installed 5-cell SRF
linac cryostat from Niowave Inc, and three helical wigglers
for our FEL amplifier from Budker INP, Novosibirsk, Russia [6].
We encountered strong multipacting zone in the range
from 28 kV to 40 kV of the gun accelerating voltage, which
was hard to pass. This zone multipacting was spoiling the
gun vacuum and was ruining photocathode’s QE, more details about can be found in [7-8]. As the result of our experiences we increased the power of our transmitter to 4 kW
and also developed a dedicated LLRF procedure providing
for a single-shot pass through the most dangerous 40-kV
multipacting barrier. After the passing the barrier, the gun
was kept at operational voltage all the time and was intentionally turned down only for access to the RHIC IP2,
where the gun is located.
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56 MHz SRF SYSTEM FOR SPHENIX EXPERIMENTS AT RHIC
Q. Wu, M. Blaskiewicz, K. Mernick, S. Polizzo, F. Severino, K. Smith, T. Xin, BNL, Upton, NY, USA

Abstract
The super Pioneering High Energy Nuclear Interatction
eXperiment (sPHENIX) experiment is a proposal for a new
detector at the Relativistic Heavy Ion Collider (RHIC), that
plans to expand on discoveries made by RHIC’s existing
Solenoidal TrAckeR (STAR) and PHENIX research groups.
To minimize the luminosity outside the 20 cm vertex detector
and keeping the radiation to other detector components as
low as possible, a 56 MHz superconducting RF (SRF) system
is added to the existing RHIC RF systems to compress the
bunches with less beam loss.
The existing 56 MHz SRF cavity was commissioned in
previous RHIC runs, and contributed to the luminosity at a
voltage of 300kV with thermal limitations from the Higher
Order Mode (HOM) coupler at high field, and at 1MV while
using its fundamental damper for HOM damping. In this
paper, we will analyze and compare the effect of different RF
systems at various scenarios, and discuss possible solutions
to the Higher Order Mode damping scheme to bring the
cavity to 2 MV.

INTRODUCTION

The RF system installed in RHIC includes two main accelerating cavities at 28.15 MHz and five storage cavities
at 197.05 MHz for each ring, all operating at room temperature. The 197 MHz cavities are used to store bunches
at their top energy for many hours. To accommodate the
long ion bunches into the storage cavity bucket, which is
~50% shorter than the bunch length, rebucketing is adopted
in the RHIC ramping procedure. However, longitudinal
emittance increase due to nonlinearity and hardware complications during rebucketing will result in a 30% loss in
the particles. A 56.3 MHz superconducting RF (SRF) cryomodule was installed near the interaction point (IP) 4 in
RHIC, during the first quarter of 2014, to provide sufficient RF acceptance to long bunches [1]. To save cost on
cryogenic system, the cavity location is in the common section of RHIC, and it is shared by ion bunches from both
rings. The two colliding beams are synchronized at each
IP. Therefore to achieve identical longitudinal beam dynamic effect, the cavity is installed at 1.25l (6.66 m) away
from IP 4.
The 56 MHz SRF cavity is a quarter-wave resonator with
beam passing through its symmetrical axis, as shown in Figure 1. The cavity is designed to provide 2 MV at the 8.5 cm
single gap, and the operation temperature is 4.4 K. Detailed
cavity parameters can be found in Reference [2]. Mechanical
tuning is achieved by pushing or pulling the end plate of the
cavity that is close to the gap, as labeled in Figure 1. The
tuning capability of this mechanism is 46.5 kHz, which is
60% of the revolution frequency of RHIC beam. The cavity
has loop shaped RF couplers inserted all from the cavity end
MOPMP051
562

Figure 1: Crossection view of the 56 MHz SRF cavity.

far from the gap (magnetic field dominant region) for input
power, pickup antena, fundamental mode damping during
acceleration stage, and HOM damping [3–5].

RHIC OPERATION
The first operation of the 56 MHz cavity was in June
2014, with species Au + Au and He3 + Au. The cavity
was in operation for 15 stores of over 130 hours with full
intensity full energy beam. During the operation, the cavity
voltage was limited at 330 kV by thermal quench at the HOM
coupler sapphire window. The cavity operation switched to
damping the HOMs by slowly extracting the fundamental
mode damper (FMD) as tuning into the resonance. The FMD
was designed for largely decrease the quality factor of the
cavity during energy ramping period. Due to the location,
the FMD couples well to all excited monopole modes in the
cavity during operation, and also can tolerate the extracted
RF power beyond 10 kW. With the FMD damping HOMs, the
cavity can be tuned to closer to the resonance and provide
1 MV maximum [6]. The voltage was limited to 1 MV
due to cooling to the FPC cable, which was improved later,
and microphonics.
During the first cavity test with Au-Au beam, the voltage
was increased slowly to 300 kV in the middle of the store. We
observed 3% increase in the luminosity and 4.5% decrease
of bunch length in both rings as shown in Figure 2. We also
observed hourglass factor increase with the cavity turned
on. During the asymmetrical collision events, the bunch
profile changed with the 56 MHz cavity. The population
of Au beam in the satellite buckets is squeezed toward the
center [7]. After commissioning with beam, the cavity was
routinely operated. It was automatically turned on after the
beam reached the store energy at every RHIC fill, and the
voltage was parked at 300 kV by Low Level RF (LLRF)
controls. We kept 10% of voltage safety margin for the
cavity operation.
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NUMERICAL SIMULATIONS OF THE DC WIRE PROTOTYPES IN THE
LHC FOR ENHANCING THE HL-LHC PERFORMANCES∗
A. Poyet†‡ , S. D. Fartoukh, N. Karastathis, Y. Papaphilippou,
K. Skoufaris, G. Sterbini, CERN, Geneva, Switzerland
Abstract
For the last 20 years, the compensation of the Beam-Beam
Long-Range interactions in colliders using DC wires has
been studied. In 2015, in the frame of the HL-LHC project,
it has been shown that a compensation of most of the Resonance Driving Terms generated by the BBLR interactions is
possible using wires with constraints on their transverse and
longitudinal positions. In 2017, an experimental campaign
has been launched in the present LHC, with wires installed
in sub-optimal positions due to integration constraints. The
aim of this paper is therefore to apply the formalism developed for HL-LHC to the LHC case and to compare the
experimental results to the numerical tracking studies of the
compensation using wires.

INTRODUCTION
In the Large Hadron Collider (LHC) or its future upgrade
the High-Luminosity LHC (HL-LHC) [1, 2], the BeamBeam Long-Range (BBLR) interactions occur only around
the Interaction Points (IP), where the two beams share the
same vacuum chamber. The 1/r asymptotic behavior of the
BBLR induced kick (simulations using this approximation
were done in [3]) probably originated the idea of a possible
compensation using wires, which was first proposed in [4].
Given the high values of the β-functions in this region, with
respect to their low values at the IP, the BBLR encounters
on the same side of the IP are in phase, while the ones on
the opposite side are in anti-phase. This observation first
guided the positioning of those wire compensators as presented in [4]. The approach relied on the positioning of
the wires in a region where both the horizontal and vertical
β-functions were equal, naturally targeting the encounters
located in the drift in between the triplets. The potential of
those wires has been also demonstrated, at least for round
optics, as a path towards compensation of the BBLR interactions for HL-LHC in [5]. It was shown that the Beam-Beam
Wire Compensators (BBCWs) could be used to compensate
most of the Resonance Driving Terms (RDTs) driven by the
BBLR, provided that the wires are located at a specific β
aspect ratio. The BBCWs became the so-called HL-LHC
Plan B and prototypes were built, installed and tested in 2017
and 2018 [6] with positive results showing the beneficial
effect of such a device.
In this paper, tracking results will be shown for the experimental setup used in the LHC. Simulations will also serve
as an important tool to better understand the effect of the
∗
†
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wires and their sensitivity to the conditions in which they
are used. Finally, numerical tracking will show how, from
the formalism developed in [5], it is possible to explore a
larger space of settings for the BBCWs, and optimize them
taking into account possible technical constraints.

GENERAL METHOD FOR PARTICLE
TRACKING IN THE LHC
In order to study the dependency of the Dynamical Aperture (DA) on the wire parameters, MAD-X [7] and SixTrack [8] codes are used. Tracking is performed in the LHC
machine, using the novel optics scheme developed in view of
HL-LHC: the Achromatic Telescopic Squeezing optics [9].
Table 1 reports the parameters of the simulations. In the
Insertion Regions 1 (IR1) and 5 (IR5), both Head-On (HO)
collisions and BBLR kicks (21 per IP side) are considered.
On the other hand, collisions and long-ranges are neglected
in IR2 and IR8 since this configuration corresponds to the
experimental conditions [6].
Table 1: Simulation Parameters
Parameter

Symbol

Reference value

Bunch Intensity
β-function at the IP
Half crossing-angle
Tunes
Chromaticities
Octupole Current
Number of turns

Nb
β∗
θ c /2
Q x, Qy
ξx,y
IMO

1.15 × 1011 p
30 cm
150 µrad
62.31, 60.32
15
0A
106

SIMULATION OF THE EXPERIMENTAL
SETUP
In the present LHC, four wires have been installed on each
side the two high luminosity IPs (IP1 and IP5). The wires are
installed in the crossing plane. There are therefore two vertical wires in IR1 and two horizontal ones in IR5. Wires are
embedded in the jaws of tertiary collimators [10] of Beam
2 (B2). Both the transverse and the longitudinal positions
of the BBCWs are deeply constrained by the collimators’
layout and settings. The wire is positioned at 3 mm from
the edge of the jaw and the jaw positioning has to respect
the hierarchy of the collimation system. Moreover, due to
the positioning of the collimators, the left/right symmetry is
broken (see Table 2) and the β-aspect ratio - crucial parameter in [5] - is therefore not the prescribed one. Despite this
sub-optimal configuration, very positive results, in different
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NUMERICAL OPTIMIZATION OF DC WIRE COMPENSATION IN
HL-LHC ∗
K. Skoufaris † ‡ , S. Fartoukh, N. Karastathis, Y. Papaphilippou,
D. Pellegrini, A. Poyet, A. Rossi and G. Sterbini, CERN, Geneva, Switzerland
Abstract
The electromagnetic field generated from a set of DC
wires parallel to the beam opens the path to the compensation of the beam-beam long-range (BBLR) interactions
for the future operation of large hadron colliders, in particular for the upcoming High Luminosity upgrade of the
Large Hadron Collider (HL-LHC). The effectiveness and
simplicity of a current carrying wire are critical for overcoming some technical constraints of the machine. In order
to better understand the potential of this device for the HLLHC, various simulation studies are presented. The different
observables are the dynamic aperture and the frequency analysis.

Table 1: HL-LHC Baseline Configuration at the End of the
Luminosity Leveling
Parameters

Symbol

Energy
Bunch population
Normalized emittance
Horizontal tune
Vertical tune
Horizontal chromaticity
Vertical chromaticity
Beta function at IP1 & IP5
Crossing angle at IP1 & IP5
Landau octupole current

E
Np
εn
Qx
Qy
ξx
ξy
β⋆
Φ15
Io

Value [units]
7000 [GeV]
1.2 × 1011
2.5 [µm]
62.315
60.32
+15
+15
15 [cm]
500 [µrad]
-300 [A]

INTRODUCTION
The two proton beams of the Large Hadron Collider
(LHC) and its High Luminosity upgrade (HL-LHC) [1, 2]
share the same beam pipe at the insertion regions, where
the experiments are located. At these locations, the particles in a given beam interact with the electromagnetic field
generated from the counter rotating beam, at both sides of
the interaction points (IP). The detrimental effect from these
beam-beam long range (BBLR) interactions in particular
for the particles away from the beam center was extensively
studied in [3–6]. A technically simple solution for the compensation of the BBLR interactions is the use of current
currying wires [7,8]. The beneficial impact of such compensation device in HL-LHC optics version 1.3 at the end of the
luminosity leveling is presented in this work. Successful experimental studies accompanied by numerical optimizations
specifically for the LHC are presented in [9, 10].
The benefit of BBLR compensation can be evidenced
from the dynamic aperture (DA) plots of Fig. 1. The DA
calculations found in this paper are numerically performed
using SIXTRACK [11], with the baseline configuration of
the HL-LHC (see Table 1) without considering any magnet
imperfections, but with high octupoles and chromaticity
[12]. The BBLR interactions are assumed to be generated
by two dimensional Gaussian charge distributions [13] and
25 BBLR kicks per IP per side are used. The HO collisions
at IP2 and IP8 are not simulated. Also the BBLR kicks at IP2
and IP8 are not simulated since they are quite weaker than the
ones in IP1 and IP5. The tune for the baseline scenario of the
HL-LHC is numerically optimized to give the best minimum
DA [14]. In Fig. 1, the red curve represents the case with
only head on (HO) collision at IP1 and IP5, whereas the
∗
†
‡
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blue curve represents the case with HO collisions and BBLR
kicks. The minimum normalized triplet aperture of the HLLHC is indicated with the black dashed line, and roughly
corresponds to the DA when BBLR collisions are not present.
The impact of the BBLR effect is reflected by the blue curve,
for which the minimum DA is slightly above 6 σ.

Figure 1: Dynamic aperture for the case with only head-on
collision at IP1/5 (red line) and for the case with head on and
BBLR kicks (blue line). The minimum normalized triplet
aperture is shown in black.

NUMERICAL OPTIMIZATION
For the HL-LHC optics it is shown in [8] that all leading
order resonance driving terms (RDTs) driven by the BBLR
kicks are minimized if the wire compensators
 are placed at a
β
longitudinal position where the beta ratio βyx ,, ww is close to
0.5 or 2. Such a longitudinal position is used in the simulation and is at 195 m left and right from both IPs. At this speMC5: Beam Dynamics and EM Fields
D02 Non-linear Single Particle Dynamics
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LOW EMITTANCE TUNING OF FCC-ee
T.K. Charles∗12 , S. Aumon3 , B. Holzer1 , K. Oide14 , F. Zimmermann1 ,
1 Beams Department, CERN, 1211, Geneva 23, Switzerland
2 School of Physics, University of Melbourne, 3010, Victoria, Australia
3 ADAM SA (Applications of Detector and Accelerators to Medicine), Geneva, Switzerland
4 KEK, Oho, Tsukuba, Ibaraki 305-0801, Japan
Abstract
The FCC-ee project studies the design of a future 100 km
e+/e circular collider for precision studies and rare decay
observations in the range of 90 to 350 GeV center of mass
energy with luminosities in the order of 1035 cm−2 s−1 . In order to reach these luminosity requirements, strong focusing
is needed in the interaction regions. Large maximum beta
values (of 7736 m for the Z energy) and the small beta star
values, make the FCC-ee lattices particularly susceptible to
misalignments and field errors. FCC-ee therefore presents
an appreciable challenge for emittance tuning. In this paper,
we describe a comprehensive correction strategy used for the
low emittance tuning. The strategy includes programs that
have been developed to optimise the lattice based on Dispersion Free Steering, linear coupling compensation based on
Resonant Driving Terms and beta beat correction utilising
response matrices. One hundred misalignment and field
error random seeds were introduced in MAD-X simulations
and the final corrected lattices are presented.

INTRODUCTION
The e+/e- Future Circular Collider (FCC-ee) will provide
unprecedented sensitivity [1]. Implemented in stages, the
collider will be operated at four energies: Z-pole (45.6 GeV),
WW threshold (80 GeV) and ZH production peak (120 GeV)
and the ttbar production threshold (182.5 GeV). Table 1 summarizes some of the key accelerator parameters. A complete
list of parameters can be found in the Conceptual Design Report (CDR) [2]. In this paper we will present the correction
strategies used, and the resulting corrected lattice results for
the lowest and highest energies, Z and ttbar.
Table 1: Baseline Beam Parameters of the Four Operational
Energies for FCC-ee [2]

∗

Parameters

Z-pole

WW

H(Z H)

t t¯

Beam Energy [GeV]
εx [nm·rad]
εy [pm·rad]
βx∗ [mm]
βy∗ [mm]
Number of bunches
L [1034 cm−2 s−1 ]

45.6
0.27
1
0.15
0.8
16640
230

80
0.28
1
0.2
1
1300
32

120
0.63
1.3
0.3
1
328
8

182.5
1.45
2.7
1
1.6
33
1.5
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In order to achieve the high luminosities listed in Table 1,
small beta star values are required, which implies strong
focusing in the interaction region. The maximum beta function values in the horizontal and vertical planes for the ttbar
lattice are βx,max = 1625.10 m and βy,max = 6958.63 m. For
the Z lattice, βx,max = 3653.87 m and βy,max = 7736.03 m.
Figure 1 presents the asymmetrical optics near the interaction region, showing that over many magnetic elements, the
beta functions is large, often exceeding 1000 m in βy .
Typically, the smaller the value of the beta function at the
Interaction Point (IP), the larger the chromaticity, and the
stronger the chromaticity correction required [3]. The strong
sextupoles required for local chromaticity correction [4] pose
two challenges. Firstly, the strong sextupoles make the machine particularly sensitive to misalignments and field errors
by introducing non-linearities that are not easily accounted
for by the inherently linear correction techniques outlined in
the following sections. Secondly, any residual beta-beating
presented in the corrected lattice can result in growth of
the horizontal emittance. A degradation of the linear transfer matrix between paired sextupoles gives rise to residual
nonlinear aberrations. For the reasons listed above, FCC-ee
poses a unique challenge when it comes to emittance tuning.

Figure 1: Beta functions near the IP of the 182.5 GeV lattice.

Initial Assessment of Errors
In order to assess the potential sensitivity of the FCC-ee
lattices to magnet misalignments, small errors were introduced and the effect on vertical dispersion and orbit simulated. Due to the differing maximum beta values and the
different phase advance in the arcs (resulting in different values of the beta function at the quadrupoles), the Z and ttbar
lattices respond differently to misalignments of quadrupole
magnets. This is demonstrated in Fig. 2, which shows the
maximum vertical dispersion introduced by a 2 µm RMS
vertical offset of the quadrupoles for 100 random seeds.
The two main sources of vertical emittance growth are
coupling between the horizontal and vertical planes, and
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MULTI-TARGET LATTICE FOR MUON PRODUCTION FROM e+ BEAM
ANNIHILATION ON TARGET
O.R. Blanco-García∗ , M Antonelli, M. Biagini, M. Boscolo, A. Ciarma, S. Guiducci, C. Vaccarezza
and A. Variola, INFN-LNF, Via Fermi 40, 00044 Frascati, Italy
G. Cesarini, F. Collamati and R. Li Voti, INFN-Roma1, 00185 Roma, Italy
P. Raimondi, ESRF, Grenoble, France
Abstract
The Low Emittance Muon Accelerator (LEMMA) aims at
producing small emittance muons from positron annihilation
with electrons in a target. Given the low cross section of
the production process, a large number of positrons on the
target are required, exposing it to high power deposition and
the beam to large degradation because of multiple scattering
and bremstrahlung. A multi-target IP, and multi-IP line has
been studied to reduce the power deposition per target and
the degradation of the positron beam while preserving the
number of muon pairs produced. The lattice copes with
the focusing and transport of three beams at two different
energies, the positron beam at 45 GeV, and 𝜇+ and 𝜇− beams
at 22.5 GeV. Studies on the beam dynamics, number of
targets, material and thickness of the targets are reported in
this paper.

INTRODUCTION
The LEMMA collaboration [1] is studying the possibility
of a muon collider where muons are produced from e+ e−
annihilation. In the current scheme a high intensity positron
beam, above the production energy threshold at 43.7 GeV,
collides with a fixed target. In this way, in fact, muons
are produced with a small angular and energetic spread,
resulting in a small emittance that avoids the need of beam
cooling. Moreover, muons life time is extended to about
0.4 ms. On the other hand, the very small cross section
of the e+ e− → 𝜇+ 𝜇− process (< 1 µbarn) requires a high
positron rate on the target of approx. 1018 e+ /s to produce
large muon population in less than one muon life time.

be exposed to approximately 3 kW average power, and could
withstand the operation.
In addition, also the possibility to split the target is being
considered, in such a way to have multiple targets distributed
in one Interaction Point (IP), and/or to use several IPs. In this
context, the reference figure of merit is the muon emittance
growth produced by the separation of the targets, which
study is described in this paper.

Muon Beam
Previously, simulations in Geant [7] and [8] have been
performed to study the beams phase space [9]. We recall in
Fig. 1 the muon production kinematics, where muons have
been produced from a positron beam at 45 GeV impinging
in a Beryllium target.
The muon energy and angle of production depend one on
the other due to kinematics. Given that the positron beam
divergence (𝜎′𝑒+ ) and energy spread are small, the maximum
values for the angle and energy distribution of the out-going
muons depend on the positron beam nominal energy. We can
calculate approximately the r.m.s. emittance of the muon
beam as 𝜖𝜇 = 𝜎𝑒+ ⋅ 𝜎′𝜇 , where 𝜎𝑒+ is the positron beam
size, and 𝜎′𝜇 is the muon divergence which depends on the
positron beam energy 𝐸𝑜𝑒+ . For a 45 GeV positron beam,
we have 𝜖𝜇 ≈ 0.5 mrad ⋅𝜎𝑒+ .

Target Power
One of the challenges is the energy deposition in the target.
Under the scheme presented in [2–4], a train of 100 positron
bunches separated 200 ns is recirculated 100 times over a
6 km ring intercepted by the fixed target. With a positron
bunch population of 1012 , the temperature rise was estimated
to reach 1000 K per bunch with a beam size of 50 µm [5],
which could potentially destroy the target.
As a way to reduce the stress due to energy deposition in
the target, a new production scheme with 5 × 1011 e+ /bunch,
1000 bunches at 10 Hz repetition rate is presented in [6],
where it has been estimated that a Beryllium target of
10% Radiation Lengths (R.L.), equivalent to 35 mm, would
∗

Figure 1: Energy vs Angle of muons produced from a
positron beam with small energy spread and divergence.
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THE EUROPEAN SPALLATION SOURCE NEUTRINO SUPER BEAM
DESIGN STUDY∗
M. Dracos†, E. Bouquerel, IPHC, Université de Strasbourg,
CNRS/IN2P3, F-67037 Strasbourg, France
A. Kayis Topaksu, G. Gokbulut, Cukurova University, 01330, Saricam/Adana, Turkey
G. Fanourakis, Institute of Nuclear and Particle Physics, NCSR Demokritos,
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Abstract

neutrino-antineutrino oscillations on the second oscillation
The discovery of oscillations and the latest progress in neu- maximum. While losing statistics because of the higher
trino physics will make possible to observe for the first time a baseline compared to the first oscillation maximum, this
possible CP violation at the level of leptons. This will help to possibility allows to be more sensitive to a possible CP viunderstand the disappearance of antimatter in the Universe. olation in the leptonic sector decreasing at the same time
The ESSνSB project proposes to use the proton linac of the the importance of systematic errors [2–4]. This is what is
European Spallation Source currently under construction to proposed by the ESSνSB project [5].
To make a design study and prepare a Conceptual Design
produce a very intense neutrino Super Beam, in parallel with
Report
(CDR) a proposal has been submitted to EU in 2017.
the spallation neutron production. The ESS linac is expected
This
proposal
has been accepted with a total cost of 4.7 Me,
to deliver 5 MW average power, 2 GeV proton beam, with a
3
Me
provided
by EU, and 17 participating institutes [6].
rate of 14 Hz and pulse duration of 2.86 ms. By doubling
The
CDR
is
expected
to be delivered by the end of 2021. An
the pulse rate, 5 MW power more can be provided for the
production of the neutrino beam. In order to shorten the R&D phase with a preparation of a Technical Design Report
proton pulse duration to few µs requested by the neutrino is expected to follow.
facility, an accumulation ring is needed, imposing the use
THE ESS FACILITY
and acceleration of H− ions instead of protons in the linac.
The neutrino facility also needs a separate target station with
The main components of the ESS neutron facility are a
a different design than the one of the neutron facility. On top proton linac, a target station and the neutron instruments. A
of the target, a hadron magnetic collecting device is needed schematic view of the proton linac is shown by Fig. 1. The
in order to focus the emerging charged hadrons from the principle parameters of this linac are given by Table 1. The
target and obtain an intense neutrino beam directed towards proton kinetic energy will be 2 GeV with the possibility to
the neutrino detector. This project is supported by a COST go up to 3.5 GeV in future upgrades, thanks to the empty
Action and an EU H2020 Design Study.
space left inside the linac tunnel. The linac pulse repetition

INTRODUCTION
The European Spallation Source (ESS) [1] under construction in Lund (Sweden) will use for the production of
neutrons a very powerful proton linac. The kinetic energy
of these protons is 2 GeV while the power is 5 MW.
This linac could also be used to produce a very high intensity neutrino beam for neutrino oscillation experiments. The
proposed here neutrino facility can be used to understand
the matter-antimatter asymmetry observed in the Universe.
This can be done by observing a possible difference between
neutrino and antineutrino oscillations. Such a difference has
already been observed at the level of hadrons but not enough
to explain the antimatter disappearance.
The very high power of the ESS proton linac and the
high intensity neutrino beam produced allows to compare
∗
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rate is 14 Hz with a pulse length of 2.86 ms leading to a duty
cycle of only 4%. This leaves enough room for extra pulses.
Table 1: Main ESS and Proposed ESS+ESSnuSB
Facilities Parameters of the Proton Beam
Parameter
Ion
Average beam power
Proton kinetic energy
Macro–pulse current
Macro–pulse length
Pulse repetition rate
Beam duty cycle
Linac length
Annual operating period

ESS

ESS+ESSνSB

p
5 MW
2.0 GeV
62.5 mA
2.86 ms
14 Hz
4%
352.5 m
5000 h

p+H−
10 MW
2.5 GeV
50 mA
>2.86 ms
28 Hz
8%
352.m m+70 m
5000 h

The construction of the facility started in 2014 and is
expected to finish in 2023 with the proton linac at full power.
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STUDY OF HIGHER-ORDER ACHROMAT LATTICE AS AN ALTERNATIVE OPTION FOR THE SOLEIL STORAGE RING UPGRADE
R. Nagaoka, A. Loulergue, A. Bence, P. Brunelle, A. Gamelin, L. Hoummi,
A. Nadji, L. Nadolski, M.-A. Tordeux, A. Vivoli
Synchrotron SOLEIL, Saint-Aubin, France
Abstract
A ring composed of 20 identical 7BA cells, where a
pair of chromaticity correcting sextupoles is placed in
each cell around the horizontal dispersion bumps à la
ESRF-EBS was developed as a baseline lattice for the
SOLEIL storage ring upgrade [1]. The strict betatron
phase relation between the two dispersion bumps provides
an efficient way of optimizing the (on-momentum) nonlinear optics with both a limited number and strength of
sextupoles. As an alternative, a scheme known as HigherOrder Achromat (HOA) develops a MBA (Multi-Bend
Achromat) lattice where chromaticity correcting sextupoles are distributed in each M unit cell with strict phase
advances over the cell such as to cancel basic geometric
and chromatic resonance driving terms. The beam dynamics in a 20-fold 7BA HOA ring is optimized and compared
with those of the baseline lattice, with focus on offmomentum properties, which are important for medium
energy rings such as SOLEIL. Robustness against errors,
feasibility of reducing the ring symmetry by introducing 4
longer straight sections, as well as integrating a horizontal
dispersion bump to cope with longitudinal on-axis injection scheme are also explored.

Figure 1: Baseline lattice: 20 × (ESRF hybrid type 7BA)
presented in Ref. 1.

INTRODUCTION
For the upgrade of the 2.75 GeV SOLEIL storage ring
to an ultra-low emittance ring (< 100 pm.rad), a 20×7BA
lattice was designed as a baseline (Fig. 1) [1], employing
the “hybrid” scheme developed at the ESRF. While the
scheme employs the (-I) relation for pairs of chromaticity
correcting sextupoles, an alternative known as the “Higher-Order Achromat (HOA)”, composes M unit cells per a
MBA cell, correcting the chromaticity locally in each unit
cell with optimized betatron phase advances that suppress
MOPRB005
586

low-order sextupolar resonances. Inspired by the work
made by S.C. Leemann et al. for ALS-U [2], the latter
scheme is applied to SOLEIL to compare its performance
and lattice properties with the former. The motivation of
the present work comes to a large part from the observation of a significant reduction in the on-momentum dynamic aperture of the baseline lattice when the synchrotron motion is taken into account, arising from path
lengthening of large-amplitude betatron motions.

LATTICE AND LINEAR OPTICS

Figure 2: 20 × (7BA HOA lattice) studied in this contribution. Yellow - bends; Vertical rectangles - quads (red
QD, blue QF); green - sextupoles; blue circles – octupoles.
In aiming at a horizontal emittance of below 100
pmrad, the horizontal and vertical phase advances chosen
in Ref. 2 of 2× (3/7, 1/7) across the basic unit HOA cell
are found optimal for our lattice as well. Keeping the
same boundary conditions as the baseline lattice, namely
a ring composed of 20 identical 7BA cells with 4.4 m
straight sections in between, the length available for the
magnet section comes to be 13.31 m. Composing a HOA
cell of 1.79 m with a combined function dipole in the
center and two focusing quadrupoles (QFs) on each side
and introducing five of which in a 7BA cell, 2.19 m is
available for each matching section, where a Q-triplet, a
dispersion suppressing dipole and a QF are introduced.
The HOA cell in Fig. 2 has a dipole of 0.719 T with its
gradient of 31.6 T.m-1. The two QFs have 61.5 T.m-1 and a
small reversed bend angle of 0.05°. Anticipating the need
of strong chromaticity correcting sextupoles, QFs are split
into two and the space in between them and between a QF
and a dipole are reserved respectively for focusing and
defocusing sextupoles whose lengths are of the order of
0.2 m. Dipoles in the matching sections are slightly shorter with field and gradient respectively of 0.638 T and
13.67 T.m-1. The matching of the optics to the straight
MC2: Photon Sources and Electron Accelerators
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HOM DAMPING OPTIONS FOR THE Z-POLE OPERATING SCENARIO
OF FCC-ee
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Abstract

Table 1: RF Parameters of the Optimized Cavity

INTRODUCTION
The FCC-ee provides collisions in a wide beam energy
spectrum, ranging from Z-pole (45.6 GeV) to tt̄ (182.5 GeV).
As a design choice, the maximum synchrotron radiation (SR)
per turn for one beam is ﬁxed to 50 MW, thus the stored beam
current ranges from 1.39 A (at Z-pole) to 5.4 mA (at tt̄) [1].
The present baseline of the FCC-ee considers a single-cell
superconducting cavity for the Z-pole to mitigate the challenges created by the high beam current [1–3]. In this paper,
ﬁrst, we design a single-cell cavity with a focus on its fundamental mode (FM) and higher-order mode (HOM) spectrum
at the same time. We then attach diﬀerent HOM couplers
to the cavity and compare the longitudinal and transverse
impedance of each geometry. In the HOM power calculation, usually the total power deposited into the cavity by the
traversing beam is calculated. However, this does not specify the absorption of power by each HOM coupler. For the
proper optimization of the HOM couplers, the contribution
of each coupler in absorbing the HOM power have to be
determined. Thus, we use a spectral weighting method to
approximate the amount of power that propagates into the
HOM couplers.
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HOM couplers, we try to minimize the distance | f1 − f2 | between the frequencies of these two modes and maximize the
distance | f1 − f0 | between the ﬁrst dipole mode and the FM.
Furthermore, the transverse impedances1 R/Q⊥1 and R/Q⊥2
of the ﬁrst two dipole modes should be as small as possible.
The frequency of the FM should be ﬁxed to 400.79 MHz
and the wall angle α of the cavity should be larger than 90◦
to avoid having re-entrant shape with α > 90◦ . Thus, the
optimization term to be minimized is

min

Ri ,L, A=B,a=b

subject to

R
R
+
,
Q ⊥1 Q ⊥2

R
− G · , Epk /Eacc, Bpk /Eacc
Q
f0 = 400.79 MHz and α ≥ 90◦ .
(1)
− | f0 − f1 |, | f1 − f2 |,

The variables for this optimization are Ri , L, A = B and
a = b as shown in Fig. 1. For each geometry, Req is varied
to tune the frequency of FM to 400.79 MHz.
400

α
A

b

SRF CAVITY DESIGN
The conventional optimization methods of SRF cavities
minimize the normalized electric Epk /Eacc and normalized
magnetic ﬁeld Bpk /Eacc on the surface of the cavity to provide room for increasing the accelerating gradient, or maximize the G · R/Q (where G is the geometry factor and R/Q is
the geometric shunt impedance) to lower the surface losses
of the cavity. For high current storage ring cavities operating at low accelerating ﬁelds, special attention should be
also given to the HOM damping aspects of the cavity. Particularly, the damping of the ﬁrst two dipole modes (TE111
and TM110 modes) that are usually trapped in the cavity is
crucial. In order to simplify their damping by using coaxial

R/Q

Ri

B

a

145 150 155 160
R i [mm]

350
300
250
200

Req
0

L

20

40

60

80

|f2-f1| [MHz]

(a)

(b)

Figure 1: Single-cell parameterization of an elliptical cavity (a) with a plot of two objective functions (b). The red
cross sign indicates the chosen geometry with A = B =
70 mm, a = b = 25 mm, Ri = 156 mm, Req = 350.574 mm,
L = 120 mm and α = 102.8◦ .
Eq. 1 is a multi-objective optimization problem. In order to ﬁnd the dependency between objective functions and
ﬁnd, if existing, the Pareto front, the genetic algorithm (GA)

1

The following deﬁnition of R/Q⊥ is used: R/Q⊥ =

V||(r =r ) −V||(r =0)
0
k r02 ωU

2
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The Z-pole option of FCC-ee is an Ampere class machine
with a beam current of 1.39 A. Due to high HOM power and
strong HOM damping requirements, the present baseline of
FCC-ee considers a single-cell cavity at 400 MHz. In this
paper, diﬀerent HOM damping schemes are compared for
the Z-pole operating scenario with the aim of lowering the
parasitic longitudinal and transverse impedance. The HOM
power for each damping scheme is also calculated.

R/Q 1+R/Q 2 [ /m]
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PROGRESS ON MUON IONIZATION COOLING DEMONSTRATION
WITH MICE
C. Hunt∗ , Dept. of Physics, Imperial College London, UK
C. Whyte, Dept. of Physics, University of Strathclyde, UK
V. Palladino, Dip. di Fisica, Universita’ di Napoli, Italy
for the MICE Collaboration
EMITTANCE AND AMPLITUDE

Abstract
The Muon Ionization Cooling Experiment (MICE) at the
Rutherford Appleton Laboratory has collected extensive data
to study the ionization cooling of muons. Several million individual particle tracks have been recorded passing through
a series of focusing magnets in a number of different configurations and a liquid hydrogen or lithium hydride absorber.
Measurement of the tracks upstream and downstream of
the absorber has shown the expected effects of the 4D emittance reduction. Further studies are providing now more and
deeper insight.

INTRODUCTION
Stored muon beams have been proposed as the source
of neutrinos at the Neutrino Factory and as the means to
deliver multi-TeV lepton-antilepton collisions at the Muon
Collider [1]. In such facilities the tertiary muon beam occupies a large volume in phase space. To optimise the muon
intensity, while maintaining a suitably small aperture in the
muon-acceleration systems, requires that the muon-beam
phase space is reduced (cooled) prior to acceleration. The
short muon lifetime makes traditional cooling techniques
unacceptably inefficient when applied to muon beams. Ionization cooling, in which the muon beam is passed through
material (an absorber) and subsequently accelerated, is the
technique by which it is proposed to cool the beam [2,3]. The
MICE experiment has presented results demonstrating that
ionization cooling works and is in agreement with current
Monte Carlo Simulations [4].
The MICE experiment consists of an upstream beamline [5] to capture pions emitted from the titanium target [6],
and focus the produced muons into a cooling channel. The
cooling channel (Fig. 1) consists of 12 individually powered solenoid magnets, symmetrically placed up- and downstream of an absorber chamber which could be configured depending on the beam momentum and required beta-function.
Upstream and downstream Particle ID (PID) detectors [7]
are used to improve the reconstruction algorithms and reject
pion and electron contamination within the beam. A range of
absorbers were using during data taking including an empty
drift space (No absorber), a 65mm Lithium Hydride Disk
(LiH) and a 22l Liquid Hydrogen vessel (LH2).
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The experiment’s timing, particle identification and tracking detectors allowed individual muon tracks to be identified and reconstructed to a precision better than 1mm, both
upstream and downstream of the absorber module. Each
muon candidate was selected based on time of flight and
momentum. The offline combination of the individual muon
tracks permitted analysis of the collective beam behaviour.
A variable thickness diffuser was included to incrementally
increase the initial beam emittance between approximately
3mm and 10mm.
The muon beam emittance was calculated by constructing
the covariance matrix, Σ, using the covariances, σab , of the
position and momentum components of the individual muon
tracks,
σxx
©
σ

Σ =  px x
 σyx
«σpy x

σx p x
σp x p x
σyp x
σpy p x

σxy
σp x y
σyy
σpy y

σx py
ª
σp x py ®
®.
σypy ®
σpy py ¬

(1)

The 4-dimensional normalised transverse emittance, ϵ4D , of
the beam can then be calculated using the determinant of
the covariance matrix and the muon mass, mµ :
ϵ4D =

1 p4
|Σ|.
mµ

(2)

The single particle amplitude, A⊥ , can be defined as the
Mahalanobis distance between a point in phase-space, v =
(x, px , y, py ) and the centre of the distribution, weighted by
the distribution’s emittance. It estimates the emittance of
a beam which is characterised by an ellipse which passes
through that point. It is calculated as,
A⊥ = ϵ4D (v − v̄)T Σ−1 (v − v̄)

(3)

METHOD
Data were taken with a specific configuration of solenoidal
fields, i.e β⊥ ≈ 660 mm at the absorber, with the three different absorber configurations (No absorber, LiH and LH2) The
magnitude of the solenoidal field strength along the length
of the cooling channel is shown in Fig. 2. Scintillating fibre
detectors were installed up- and downstream of the absorber
and used to reconstruct individual muon tracks [8]. The
data which was collected using an empty channel enabled
the observation of optical aberrations and will be used to
cross-check for other systematic effects.
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RECENT RESULTS FROM MICE ON MULTIPLE COULOMB
SCATTERING AND ENERGY LOSS
C. Whyte∗ , University of Strathclyde, Glasgow, UK
J. C. Nugent† , University of Glasgow, Glasgow, UK
on behalf of the MICE Collaboration
Abstract

A schematic drawing of MICE Step IV is shown in Fig. 1.

Muon beams of low emittance provide the basis for the
intense, well characterised neutrino beams of a neutrino
factory and for multi-TeV lepton-antilepton collisions at a
muon collider. The international Muon Ionization Cooling
Experiment (MICE) will demonstrate ionization cooling, the
technique by which it is proposed to reduce the phase-space
volume occupied by the muon beam. MICE was constructed
in a series of steps. Data were taken in 2016 and 2017 in
the Step IV configuration which was optimised for studying the properties of liquid hydrogen (LH2 ) and lithium
hydride (LiH). Preliminary results from ongoing analyses
will be described.

INTRODUCTION
Muon colliders and neutrino factories will require stored
muons with high intensity and low emittance [1]. Muons are
produced as tertiary particles (p + N → π + X, π → µ + ν)
inheriting a large emittance (volume of the beam in the position and momentum phase space). For efficient acceleration,
the phase-space volume of these beams must be reduced significantly (“cooled”), in order to be accepted by traditional
accelerator components. Due to the short muon lifetime,
ionization cooling is the only practical and efficient technique to cool muon beams [2]. In ionization cooling, the
muon beam loses momentum in all dimensions by ionization
energy loss when passing through an absorbing material, reducing the RMS emittance (εRMS ) and increasing its phase
space density. Subsequent acceleration though radio frequency cavities restores longitudinal energy, resulting in a
beam with reduced transverse emittance. A factor of 105 in
reduced 6D emittance has been achieved in simulation with
a 970 m long channel [3].
The rate of change of the normalized transverse RMS
emittance εN is given by the ionization cooling equation [4]:
 
βt (13.6 [MeV])2
dεN
εN
dE
+
≃− 2
(1)
ds
β Eµ ds
2β3 Eµ mµ X0
where βc is the muon velocity, hdE/dsi is the average rate of
energy loss, Eµ and mµ are the muon energy and mass, βt is
the transverse betatron function and X0 is the radiation length
of the absorber material. The first term on the right can be
referred as the “cooling” term given by the “Bethe equation”,
while the second term is the “heating term” that uses the
PDG approximation for the multiple Coulomb scattering.
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MICE is instrumented with a range of detectors used for
particle identification and position-momentum measurement.
This includes a scintillating fibre tracker upstream and downstream of the absorber placed in a strong solenoid field to
measure the position and the momentum (with a spatial resolution around 0.3 mm). MICE is also equipped with a series
of particle identification detectors, including 3 time-of-flight
hodoscopes (ToF0/1/2, with a time resolution around 60 ps),
2 threshold Cherenkov counters, a pre-shower calorimeter
and a fully active scintillator calorimeter.
MICE data taking was concluded in December 2017 (in
the Step IV configuration) in order to make detailed measurements of multiple Coulomb scattering and energy loss
of muon beams at different momenta and channel configurations, with lithium hydride and liquid hydrogen absorbers.
The collaboration also seeks to measure the reduction in normalized transverse emittance [5], comparing the emittance
of a sample of muons selected in the upstream tracker with
the emittance of the same sample measured in the downstream one, after passing through the absorber.

MEASUREMENTS OF SCATTERING
DISTRIBUTIONS
Though multiple Coulomb scattering is a well understood
phenomenon, results from MuScat [6] [7] indicate that the
effect in low Z materials is not well modelled in simulations such as GEANT4 [8]. MICE will therefore measure
the multiple Coulomb scattering distribution to validate the
scattering model and understand the heating term in Eq. 1,
in order to make more realistic predictions of the emittance
reduction. Both data with field off and field on in the scintillating fibre tracker are available for MICE. While the field on
data is still being analysed, the field off analysis is presented
here.
MICE has collected data for muon beams at three different
momenta, 172 MeV/c (in order to compare with MuScat),
200 MeV/c and 240 MeV/c with and without the LiH absorber disk in place (thickness 65 mm, X0 = 79.62 g cm−2 )
and with a full and an empty liquid hydrogen absorber vessel
(∼ 22 litre). Here the LiH analysis will be presented.
The position and momentum of each muon is measured
by the trackers along with the time-of-flight, the latter also
provides particle identification. Selection criteria were
imposed on each track to select a well understood sample. Bayesian deconvolution was applied to the selected
data in order to extract the scattering distribution within
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FOCUSING OF HIGH-BRIGHTNESS ELECTRON BEAMS WITH
ACTIVE-PLASMA LENSES
R. Pompili∗
Laboratori Nazionali di Frascati, Via Enrico Fermi 40, 00044 Frascati, Italy
Abstract
Plasma-based technology promises a tremendous reduction in size of accelerators used for research, medical, and
industrial applications, making it possible to develop tabletop machines accessible for a broader scientiﬁc community.
By overcoming current limits of conventional accelerators
and pushing particles to larger and larger energies, the availability of strong and tunable focusing optics is mandatory
also because plasma-accelerated beams usually have large
angular divergences. In this regard, active-plasma lenses
represent a compact and aﬀordable tool to generate radially
symmetric magnetic ﬁelds several orders of magnitude larger
than conventional quadrupoles and solenoids. However, it
has been recently proved that the focusing can be highly
nonlinear and induce a dramatic emittance growth. Here,
we present experimental results showing how these nonlinearities can be minimized and lensing improved. These
achievements represent a major breakthrough toward the
miniaturization of next-generation focusing devices.

INTRODUCTION

focusing ﬁeld. The experiment has been performed at the
SPARC_LAB test-facility [15, 16] by employing 3 cm-long
discharge-capillary ﬁlled by Hydrogen gas. The characterization of the APL is done by using a 50 pC high-brightness
electron beam as a probe and analyzed how the focusing
inﬂuences its emittance.

EXPERIMENTAL SETUP
Figure 1 illustrates the experimental setup. The bunch is
produced by the SPARC photo-injector [17], consisting in a
1.6 cell RF-gun [18] followed by two accelerating sections
embedded by solenoids coils [19]. The results we report
have been obtained with a 50 pC bunch at 126 MeV energy
(50 keV energy spread), 1 μm normalized emittance and
1.1 ps duration, measured with a RF-Deﬂector device [20].
To test the APL focusing we varied the bunch transverse
spot size at the capillary entrance from σx,y ≈ 35 μm up
to σx,y ≈ 160 μm. This is the largest spot size that ensures
to transport the entire beam charge (measured with a beam
current monitor) across the capillary clear aperture. All
quantities are quoted as rms.

High-brightness photo-injectors are capable to drive electron beams with high peak current and low emittance as the
ones required, for instance, in Plasma Wakeﬁeld Acceleration [1, 2], generation of THz [3] and FEL radiation [4],
Inverse Compton Scattering [5, 6] and Transmission Electron Microscopy [7]. In such applications very dense beams
are desired, thus a proper focusing system has to be considered. Permanent-magnet quadrupoles (PMQ) represent a
possible approach since they reach focusing gradients up to
560 T/m [8]. However, being the focusing non-symmetric
and the gradient ﬁxed, non-trivial movable systems consisting of at least three lenses are needed in order to produce
round beams with adjustable focal length. These issues can
be solved by moving toward plasma-based lenses [9]. Recent results have been obtained with the so-called "active"
plasma lens, demonstrating the focusing of laser-plasma
accelerated electrons [10–12]. Such device consists in a
discharge-capillary that generates an azimuthally symmetric
magnetic ﬁeld whose strength radially increases. Unlike
quadrupoles, the active plasma lens focuses simultaneously
in both transverse planes.
However, we have recently proved in two diﬀerent
works [13, 14] that such a focusing is highly nonlinear and
leads to a large growth of the beam emittance. Here we
report about experimental measurements demonstrating that
the beam emittance can be preserved by properly shaping the
beam transverse proﬁle and by enhancing the linearity of the
∗

riccardo.pompili@lnf.infn.it

MC3: Novel Particle Sources and Acceleration Techniques
A16 Advanced Concepts




 
 



 







Figure 1: Experimental layout. Several screens allow to
measure the beam envelope along the path. The ﬁrst twos
are mounted on movable actuators. Three electromagnetic
quadrupoles are used to measure the beam emittance on the
last screen.
The capillary consists in a sapphire hollow tube of 1 mm
diameter with length Lc = 30 mm, ﬁlled at 1 Hz rate by H2
gas through two symmetric inlets placed at Lc /4 and 3Lc /4.
The pulsed operation allows to maintain the vacuum level
as low as 10−8 mbar in the RF linac while ﬂowing H2 . Two
electrodes, placed on each end of the capillary, are connected
to a 20 kV generator producing up to 100 A peak discharge
current [21]. In such conditions no pinching of the plasma
is observed since it would require, for the same capillary,
discharge currents of the order of few kA [22,23]. The entire
apparatus is placed in a vacuum chamber directly connected
with the last RF section through a windowless, three stage
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DEVELOPMENT OF INTER-DIGITAL H-MODE DRIFT-TUBE LINAC
PROTOTYPE WITH ALTERNATIVE PHASE FOCUSING FOR A MUON
LINAC IN THE J-PARC MUON G-2/EDM EXPERIMENT
Y. Nakazawa∗ , H. Iinuma, Ibaraki University, Mito, Ibaraki, 310-8512, Japan
Y. Iwata, National Institute of Radiological Sciences, Chiba, 263-8555, Japan
Y. Iwashita, Kyoto University, Kyoto, 611-0011, Japan
M. Otani, N. Kawamura, T. Mibe, T. Yamazaki, M Yoshida, KEK ,Tsukuba, Ibaraki, 305-0801, Japan
R. Kitamura, Y. Kondo, K. Hasegawa, T. Morishita, JAEA, Tokai, Naka, Ibaraki, 319-1195, Japan
N. Saito, J-PARC center, Tokai, Naka, Ibaraki, 319-1195, Japan
Y. Sue, Nagoya University, Nagoya, 464-8602, Japan
N. Hayashizaki, Tokyo Institute of Technology, Tokyo, 152-8550, Japan
H. Yasuda, University of Tokyo, Hongo, Tokyo, 171-8501, Japan
Abstract
An inter-digital H-mode drift-tube linac (IH-DTL) is developed in a muon linac at the J-PARC E34 experiment.
IH-DTL will accelerate muons from 0.34 MeV to 4.5 MeV
at a drive frequency of 324 MHz. Since IH-DTL adopts an
APF method, with which the beam is focused in the transverse direction using the RF ﬁeld only, the proper beam
matching of the phase-space distribution is required before
the injection into the IH-DTL. Thus, an IH-DTL prototype
was fabricated to evaluate the performance of the cavity and
beam transmission. As a preparation of the high-power test,
a test coupler is designed and fabricated. In this paper, the
development of the coupler and the result of the low-power
measurement will be presented.

INTRODUCTION
The muon anomalous magnetic moment (gμ − 2) is one
of the promising quantities used to investigate beyond the
Standard Model (SM) of particle physics. The gμ − 2 was
measured at Brookhaven National Laboratory [1], and a discrepancy of 3 ∼ 4 σ was observed between the measured
value and the SM prediction [2]. Higher precision measurement of the gμ − 2 and electric dipole moment (EDM) is
planned using a new technique at the Japan Proton Accelerator Research Complex (J-PARC E34 [3]). In this experiment,
a low emittance muon beam obtained from muon linac [4]
shown as Fig. 1 is used to reduce a systematic error derived
from the muon beam.
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Figure 1: Schematic image of muon linac.
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In our IH-DTL, an alternative phase focusing (APF)
method [5] was employed in order to realize the simpliﬁcation of the cavity and the short distance acceleration. In
the APF method, the beam is focused only on the RF ﬁeld
without a focusing element. The basic design of an actual
cavity [6] has already been completed. A prototype is fabricated to study the cavity performance. Table 1 shows the
basic parameter of the IH-DTL prototype. We measured
the resonant frequency and electromagnetic ﬁeld in the prototype cavity [7], and conﬁrmed the ﬁeld distribution of
prototype cavity is consistent with the simulation by using
CST MicroWave Studio [8].
Table 1: Requirements for the APF IH-DTL Prototype
Resonant frequecy
RF power
Repetition rate
RF duty factor
Input energy
Output energy

324 MHz
60 kW
25 Hz
0.25 %
0.34 MeV
1.3 MeV

Coupling of RF power to the cavity is a critical element
in the development and operation of the prototype cavity.
The diﬀerence between a high shunt impedance of the cavity
and a characteristic impedance of an input coupler as an RF
transmission line leads to reﬂection of the RF power from
the cavity and reducing the eﬃciency of cavity performance.
The input coupler loop is designed to match the impedance of
the transmission line with that of the cavity. When a coupling
constant β equals unity, so-called critically coupled, the RF
power coupled to the cavity is maximum.
In this paper, ﬁrst of all, the development of the coupler
is described. Then, we show the results of the low-power
measurement for optimization of the coupler loop. Finally,
the summary and prospect are presented.

DESIGN OF A TEST COUPLER
The required RF power is 60 kW and the duty factor is
0.25 %, so that a temperature increases of the cavity and
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CONCEPTUAL DESIGN OF NEGATIVE-MUON DECELERATOR FOR
MATERIAL SCIENCE
C. Ohmori∗ , M. Otani, K. Shimomura, KEK/J-PARC, Tokai, Ibaraki, Japan
T. Takayanagi , JAEA/J-PARC, Tokai, Ibaraki, Japan
Abstract
In 2018, a Negative-Muon Spin Rotation and Relaxation
technique was developed in J-PARC Material and Life Science Facility. It is a novel scheme to investigate the motion
of hydrogens in chemicals and materials. In the experiment,
50 MeV/c µ− beam and thick sample were used to maximize
the number of stopped muon in it. To study small samples,
the surface of materials and thin foils, a low energy negative muon beam is required. In the present muon beam
line, however, the intensity of low energy negative muon is
almost zero. To decelerate intense 300-keV muons to 15keV, we propose a system which consists of pulse generators
and multi-gap induction decelerators. In this design, Linear Transformer Driver scheme is considered to use for the
high voltage pulse source. High impedance magnetic alloy
ring cores will be loaded in the decelerator cells. The high
impedance cores which have much larger size than those
for public use were developed for J-PARC RF systems and
used for many applications including CERN booster RF,
anti-proton deceleration and medical accelerator. In this
paper, we present a conceptual design of muon deceleration
system.

because it will be located in front of the µ− SR spectrometer.
And, it is also required that the deceleration energy can be
changed to use the µ− beam for samples with different thickness. The muon deceleration system should be easily moved
from the experimental area because the area will be shared
with the other experiments. The normalized emittance of
µ− is estimated to be 1000πmm.mrad before deceleration at
300 keV. Because of these requirements, the induction-cavity
base decelerator is considered. Figure 2 shows the induction
decelerator system. It consists of following components:
• 6 induction decelerator units
• 2 sets of 25 Ω dummy load
• 2 sets of 50 kV inductive adder [2] or Linear Transformer Drivers, LTD [3]
• quadrupole magnets between induction decelerator
units.
Through the 4-cell and 2-cell cavities, the muon beam
will be decelerate to below 30 keV as shown in Fig. 3.

INTRODUCTION
J-PARC Material and Life Science Facility, MLF, uses
very high intensity 3 GeV proton beam to produce neutrons
and muons. A unique feature of the MLF is negative muon
beam which is more intense than other facilities. Recently,
the world-first µ− SR signal was observed at the MLF [1]. In
case of standard µ+ SR, the positive muon can move around
because it has positive charge. However, the negative muon
is trapped in heavy nuclei. During trapping, the negative
muon is affected the other field, for example, hydrogen
around the nuclei. Such field is sensitive for the motion
of hydrogen and µ− SR will be a good tool to see it. However, the energy of negative muon is high to investigate small
and thin samples. Although the low energy negative muon
of few ten keV is required, the intensity of low energy muon
is very very low. Therefore, the deceleration of few hundred
keV muon is proposed.

Figure 1: D2 experimental area and beam line.

Cavity Cell
CONCEPTUAL DESIGN OF MUON
DECELERATION
In the MLF, the negative muon is available at D2 beam
line which has a flexibility to use positive and negative muon
beams. The D2 experimental area is 5 m×5 m wide (see
Fig. 1). The deceleration system should be shorter than 3 m
∗
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The deceleration cavity consists of 4-cell and 2-cell cavities. Between two cavities, a triplet of quadrupole magnets
is inserted. In each cell, 5 magnetic alloy, Finemet FT3L,
cores are installed [4]. The size of core is 500 mm outer
diameter, 192 mm innder diameter and 25.2 mm thickness.
The core impedance is 122 Ω and 16 µH at 1 MHz. Circuit
simulations using LTSpice were performed to investigate
the gap voltage for µ− deceleration. The circuit model for
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BEAM OPTICS STUDY ON FFA-MERIT RING*
H.Okita†, A. Taniguchi1, Y. Kuriyama1 , T. Uesugi1 , Y. Ishi1 , Y Mori1, M. Muto1 , Y. Ono1 ,
N. Ikeda1, Y. Yonemura1, A. Sato1, M. Kinsho2, Y. Miyake2, M. Yoshimoto2 and K. Okabe2
1
Integrated Radiation and Nuclear Science, Kyoto University, Osaka, Japan
2
JPARC-center, Japan Atomic Energy Agency, Tokai, Ibaraki, Japan
Abstract
An intense negative muon source MERIT (Multiplex
Energy Recovery Internal Target) for the nuclear transformation to mitigate the long-lived fission products from nuclear plants has been proposed. For the purpose of proofof-principle of MERIT scheme, a FFA(Fixed Field Alternating focusing) ring has been developed. The beam optics
of the FFA-MERIT ring has been studied.

This is a preprint — the final version is published with IOP

INTRODUCTION
Recently, nuclear transmutation with negative muons
has been conceived as one of the ways to mitigate the radioactive nuclear wastes such as long lived fission products
(LLFPs)[1].In muonic atom, which is formed by trapping
negative muon, the atomic nucleus absorbs a negative
muon with large probability (95 per cent) [2], if the atomic
number Z is more than 30 and then, it transforms to stable
nucleus by beta decay and the emission of several neutrons.
For example, long lived cesium isotope Cs ( 𝜏 /
2.3 million years) which is produced from the nuclear
power plant in burning out one ton of enriched the nuclear
fuel including 3 per cent
U can be transformed to nonradioactive Xe isotopes within about five years, if the yield
of negative muon is 10 𝜇 /𝑠.
Negative muons decayed from negative pions are efficiently produced by the nucleon-nucleon interactions with
high energy hadron beam using the target nucleus containing neutrons.
In order to generate negative muons effectively, MERIT
(Multiplex Energy Recovery Internal Target) scheme has
been proposed. The principle of the MERIT scheme is
shown in Fig.1. Contrary to the original ERIT-scheme
[3,4], the transverse emittance growth caused by multiple
scattering is rather modest since a primary hadron beam
energy is relatively high. On the other hand, the longitudinal emittance growth rate becomes large. The wedgeshaped target placed at the dispersive orbit could reduce
this effect and also the injection beam energy becomes
lower, which could cure the load of the injector.
The characteristics of the MERIT scheme are shown as
follows.
• Energy recovery and ionization cooling
• CW operation with fixed RF frequency beam
acceleration and storage

• Negative pion production using internal thin
target
There are a couple of difficulties in negative pion production. One is the energy loss of the projectile proton by
ionization of target. The efficiency of negative pion production drops until the particle energy reaches the threshold energy of pion production at about 250MeV/u. Another
problem is the absorption of negative pions in the solid target. The absorption cross section of negative pions with the
target nucleus is so large that a thinner target must be used.
Thus, a high beam current and a thin target are both essential to improve the efficiency in negative muon production.
In MERIT scheme, the fixed RF frequency acceleration
makes a cw beam operation with low energy beam injection. Negative pion production using a thin target has advantages for reducing the negative pion loss in the target
and keeping high reaction rate with energy recovering and
cooling by RF re-acceleration.
In order to prove a principle of MERIT scheme, in particular, on the fixed RF frequency beam acceleration and
storage with a wedge type of thin internal target, a scaling
type of FFA ring(PoP-MERIT) has been developed with remodelling the FFA-ERIT proton ring [3,4] which was built
at the institute for radiation and nuclear science in Kyoto
University (KURNS).A charge-exchange injection with
negative hydrogen beam is used for the FFA-ERIT proton
ring.
This paper describes the beam optics study on COD
(closed orbit distortion) correction and betatron motion in
PoP-MERIT ring.

Figure 1: Schematic diagram of MERIT scheme.

POP-MERIT RING
PoP-MERIT has been developed with several modifications of existing FFA-ERIT proton ring, however, a chargeexchange injection with negative hydrogen beam is still
used for the FFA-ERIT proton ring.

*This work is partially supported by ImPACT Program of Council for
Science, Technology and Innovation (Cabinet Office, Government of Japan).
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REMODELING OF 150 MeV FFAG MAIN RING AT KURNS TO PION
PRODUCTION RING
K. Suga, Y. Ishi, T. Uesugi, Y. Kuriyama, Y. Fuwa1, H. Okita, Y. Mori
Kyoto University, Osaka, Japan
1
currently J-PARC Center, Japan Atomic Energy Agency (JAEA), 319-1195, Japan
Abstract
A possibility of remodeling main ring of 150 MeV FFAG
accelerator at Kyoto University, Institute for Integrated Radiation and Nuclear Science (KURNS) to Pion Production
Ring (PPR) for muon transmutation study has been discussed. Design was made on the assumption that 400 MeV
proton beams circulate and hit a target in the ring to generate pions. Optimizations of lattice parameters and 3D magnet modeling are reported.

INTRODUCTION
In order to reduce and recycle high-level radioactive
waste generated from nuclear reactors, studies have been
conducted to transmute long-lived fission products into sta- Figure 1: Photograph of main ring of 150 MeV FFAG acble or short-lived nuclei. As one of the methods of trans- celerator at KURNS.
mutation, muon transmutation has begun to be considered.
It has been discussed that main ring of 150 MeV FFAG acPION PRODUCTION RING DESIGN
celerator at KURNS, shown in Fig. 1, is remodeled to PPR
for muon transmutation study. The study requires a high Optical Design
intensity and high efficiency muon beam source. As existTo determine basic design parameters of PPR, optical
ing muon beam sources, there are MuSIC at the Research design was performed like the synchrotron design. Table 1
Center for Nuclear Physics (RCNP) and MUSE at J-PARC shows the design parameters before and after remodeling
Center [1, 2]. In these systems, muon beams are generated [5]. In order to increase the energy of the beam that circuusing a method in which proton beams accelerated by a cy- lates in the ring, the maximum magnetic field was inclotron or synchrotron are extracted and hit a target placed creased and only the focusing (F) magnet that bends the
outside the ring to generate pions. The pions decay during beam in the forward direction was used, and the defocusing
transport to muons. On the other hand, PPR uses the ERIT (D) magnet that bends it in the reverse direction was not
or MERIT method [3, 4]. In this method, a target is placed used. Horizontal focusing was obtained by F magnet and
inside the ring, and proton beams circulating in the ring re- vertical focusing was obtained by edge focus. The similar
peat the generation of pions by passing the target and the focusing scheme is discussed in [6]. Because of the combirecovery of the lost beam energy in the RF cavity. The pi- nation of strong and weak focusing, this machine can be
ons are extracted from PPR and decay to muons. By using called an FFAG accelerator or a cyclotron. The field index
this method, it is expected that high intensity and high ef- 𝑘 was determined in consideration of the stability of the
ficiency muon beams will be generated. PPR will be a beam. The electromagnets of PPR were arranged as shown
proof-of-principle machine of this new muon beam gener- in Fig. 2, and the beta function and the Z-direction magation method. The design of PPR was made on the assump- netic field is as shown in Fig. 3.
tion that 400 MeV proton beams circulate and hit a target
in the ring to generate pions.
Table 1: Basic Design Parameters Before and After Remodeling
Beam
Species

Beam
Energy
[MeV]

Field
Index
𝑘

Reference
Radius [m]

Maximum
Magnetic
Field [T]

Horizontal
Tune

Vertical
Tune

Number
of Cells

Basic
Cell

150 MeV
FFAG
Main Ring

proton

11 - 150

7.8

5.4

1.6

3.85

1.2

12

DFD Triplet

PPR

proton

300 - 400

1

5.3

1.76

1.44

0.98

12

F Singlet
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CURRENT STATUS OF THE HIGH-POWER RF SYSTEMS DURING
PHASE 2 OPERATION IN SuperKEKB
K. Watanabe†, M. Yoshida, S. Yoshimoto, K. Marutsuka,
High Energy Accelerator Research Organization, Tsukuba, Japan
Abstract
The SuperKEKB is an asymmetric-energy two-ring collider consisting of the high-energy ring (HER) for 7 GeV
electrons and the low-energy ring (LER) for 4 GeV positrons at KEK. Both the electron and positron beams are
injected from the Linac injector complex, which includes
a newly constructed 1.1 GeV positron damping ring (DR)
to supply a high-quality low emittance positron beams to
the LER. The high-power rf system has a role to drive the
rf cavities for the SuperKEKB. The operating frequency
of rf system is 508.9 MHz. The required rf power form
the klystron at maximum storage beam current is ~850
kW (CW). The number of rf stations is total 31 for the
main ring (MR) and DR. The status of each high-power rf
components, troubles of them and operation condition
that occurred during phase2 commissioning from Feb
2018 to July 2018 will be reported in this paper.

circulator to the cavities. The magic-tee is split to half
amounts of power. The WR-1500 rectangular waveguide
is used to deliver the rf power. Three kinds of high-power
water or dummy loads are used at the circulator and the
magic-tee to absorb the reflected rf power from the cavity.
Both normal conducting cavities (NCC) and superconducting cavities (SCC) are used for MR. The NCC, which
is called ARES [3], has a unique structure for the KEKB
in order to avoid the coupled-bunch instability caused by
the accelerating mode. The SCC is single-cell cavity with
a large aperture beam pipe and a ferrite HOM absorbers
[4]. In the DR, two single cell NCCs with SiC HOM
damper (called DR cavity) [5] are used from phase2 in
order to make the emittance significantly smaller. Two
type of Low level RF control systems are used to control
Vc in the cavities which is new digital control systems and
the existing old systems for SuperKEKB [6, 7].

INTRODUCTION
The SuperKEKB is an asymmetric electron-positron
double-ring collider for B-factory at KEK [1]. The design
beam current is 2.6 A (HER) and 3.6 A (LER) respectively.
In order to corresponding to the large beam current and
high beam power, reinforcement of the high-power rf
system has been advanced. The high-power rf system in
MR nad DR has the role of supplying rf power to the rf
cavities, to compensate an enormous synchrotoron radiation loss of electron and positron beams. The operating
frequency is about 508.9 MHz and the required maxmum
rf power from one klystron with waveguide losses is ~850
kW (CW), it is a dependent on the cavity system. Many
equipments that build high-power rf systems used in SuperKEKB are still many manufactured at TRISTAN [2],
where construction was done in the early 1980s. There
have been used for more than 30 years since manufactureing, and used while continuing maintenance. Figure 1
shows the location and number of rf stations for the operation. Table 1 shows the current status of the high power
rf system.

Figure 1: RF stations in MR and DR. Total 31 stations are
using for phase 2 commissioning.

CURRENT STATUS
A schematic diagram of structure of rf system is shown
in Fig. 2. Two type systems are used for in MR and DR,
which is one cavity or two cavities are driven by one
klystron. In the first case, in order to isolate a cavity from
the klystron, a 4 ports circulator is inserted. The rf power,
after passing through the circulator, is directly input to the
cavity in the underground MR tunnel. In the second case,
to drive two cavities, a magic-tee is inserted from the
___________________________________________
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Figure 2: A schematic diagram of rf system.
Total Vc of LER, HER and DR are 8.8 MV, 12.8 MV
and 1.0 MV in phase2. The Vc per cavity for NCC, SCC
and DR cavity is 0.4 MV, 1.2 MV and 0.5 MV. Required
rf power to hold total Vc with waveguide losses is about
MOPRB022
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DESIGN OF THE WIEN-FILTER TYPE SPIN ROTATOR FOR
THE LOW-EMITTANCE MUON BEAM
H. Yasuda∗ , University of Tokyo, Tokyo 171-8501, Japan
H. Iinuma, Y. Nakazawa, Ibaraki University, Mito, Ibaraki 310-8512, Japan
N. Saito, N. Kawamura, M. Otani, T. Mibe, KEK, Oho, Tsukuba 305-0801, Japan
Y. Kondo, JAEA, Tokai, Ibaraki 319-1195, Japan
Y. Sue, Nagoya University, Nagoya, Aichi 464-8602, Japan
Abstract
Muon linac is developed for the muon g-2/EDM experiment at J-PARC. In this experiment, ultra slow muon is
accelerated to a momentum of 300 MeV/c with the four linac
structures. This scheme offers new opportunity for precise
measurements; it enables us to reverse muon polarization at
early stage of acceleration. The reversal of polarization is
a common method of precision polarization measurements
as it can be used to identify or reduce systematic uncertainties dependent on time. It is necessary to accelerate muons
and flip its spin without substantial emittance growth for the
experimental requirement. As one of the candidates for our
spin rotator, we are developing the Wien-filter type. In this
poster, the design of the Wien-filter type spin rotator for the
low emittance muon beam will be presented.

INTRODUCTION
Muon anomalous magnetic moment (g-2) is one of the
fundamental parameters. Muon g-2 is derived at high precision theoretically and experimentally. Therefore, muon g-2
can be used as the test of theory. The previous measurement
in Brookhaven National Laboratory (BNL) achieved the precision of 0.54 ppm (parts par million) and there is above 3 σ
discrepancy between the Standard Model calculation [1] and
BNL’s measurement [2]. This result indicates that there is
the physics beyond the Standard Model (BSM). To verify
this result, new and more precise experiment is necessary.
The J-PARC muon g-2/EDM experiment will reduce
the systematic error of previous experiment by using lowemittance muon beam [3, 4]. By the low-emittance muon
beam, the systematic error caused from the beam dynamics
can be reduced than in the previous experiment. However
due to the high intensity muon beam, the time dependence
of detector systems caused the systematics error. This systematics error can be reduced by the spin flip analysis shown
as Fig.1 . Figure 2 shows the acceleration scheme [5] in the
J-PARC experiment. Muon spins can be flipped at the lowmomentum section in the linac. As a first step, we intend to
insert the spin rotator (SR) after the RFQ to take the spin
flip analysis.
The requirement of the SR design is the low emittance
growth in the SR section. The emittance values in other
acceleration sections are shown as Table 1. First of all in this
paper, the concept of the Wien-filter is explained. After then,
∗
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Figure 1: The analysis method of muon g-2. (left) The time
dependence plot of detected e+ counts in the magnetic storage ring. (right) The time dependence of the spin asymmetry
by taking the spin flipped data.

Figure 2: The scheme of muon accelerators in J-PARC muon
g-2/EDM experiment. The spin rotator is located between
RFQ and IH-DTL in this paper.

the design schemes are discussed and the simulation result
of the emittance growth is showed. Finally, the summary
and prospects are presented.

WIEN-FILTER TYPE SPIN ROTATOR
We are considering the Wien-filter as a spin rotator. The
Wien-filter is famous as a mass spectrometor [6–9]. This is
consisted of one magnet and electrodes shown as Fig. 3 (left).
The magnetic and electric field are applied in a direction perpendicular to the particle velocity. The magnetic and electric
forces are cancelled and the particle feels no deflection when
the particle velocity satisfies Eq.1.
vz =

Ex
By

(1)

Table 1: The normalized RMS emittance(without SR). The
unit is [π mm mrad].
Before RFQ
After RFQ
After IH-DTL

εn,x,r ms εn,y,r ms
0.376
0.106
0.296
0.167
0.316
0.190
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BEAM-GAS AND BEAM-THERMAL PHOTON SCATTERING IN CEPC*
S. Bai#, C.H. Yu1, Y.W. Wang, Y. Zhang1, D. Wang, H.P. Geng, J. Gao
Institute of High Energy Physics, [100049] Beijing, China
1
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Abstract
The Circular Electron Positron Collider (CEPC) is a
proposed Higgs factory with center of mass energy of 240
GeV to measure the properties of Higgs boson and test the
standard model accurately. Beam loss background in
detectors is an important topic at CEPC. Beam-Gas
scattering (BG) and Beam-Thermal photon scattering
(BTH), although not so serious as Radiative Bhabha
scattering (RBB) and Beamstrahlung (BS), are also
important components of the beam induced backgrounds at
CEPC due to the beam lifetime. In this paper, we evaluated
the beam-gas and beam-thermal photon scattering in
simulation and designed collimators to suppress the
radiation level on the machine and the detector.

INTRODUCTION

With the discovery of the higgs boson at around
125GeV, a circular higgs factory design with high
luminosity (L ~ 1034 cm-2 s-1) is becoming more popular in
the accelerator world [1]. The Circular Electron Positron
Collider (CEPC) [2, 3] project in China is one of them.
Even if ultra-high vacuum pressure is usually required
in beam pipes of particle accelerators, there are still a few
gas molecules. Particles in the beam will be scattered by
these gas molecules. And also accelerator components
such as beam pipe etc., will emit a large number of thermal
photons with different energies and directions due to
thermal radiation. Scattering of thermal photons on
electrons is known as Compton Effect. Beam particles will
lose part of energy from the two effects of beam-gas and
beam-thermal photon scattering. The resulting offmomentum particles constitute a potential source of
background in the detectors.
The detector background might be too high to
reconstruct the physical events if the lost particles are not
well shielded. More serious situation is that some critical
devices of the machine and the detector might be damaged
very soon if so many loss particles hit the devices directly.
In order to suppress the radiation level on the machine and
the detector, the loss particles background must be well
evaluated and the shielding must be well designed.
In this paper, beam lifetime due to BG and BTH are
firstly calculated, and the relevant events are generated by
some specific Monte Carlo generators; the primary
particles will be tracked inside the accelerator until they
___________________________________________
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encounter the beam pipe; collimators are designed to shield
the beam loss, and results are compared.

BEAM LIFETIME
After optimizing the lattice, and considering the beambeam effect and errors, the energy acceptance is about
1.5%. If the energy loss of the beam particles are larger
than the energy acceptance, these particles will be lost from
the beam and might hit on the vacuum chamber. If this
happens near the IR, detectors may be damaged by directly
hitting or once-scattering of lost particles. Thus beam loss
background should be analysed and prevented.
Beam lifetime due to beam-gas scattering (including
elastic and inelastic scattering) can be calculated by (1) [4]:
= 𝜎𝜌

𝑐 = 𝜎𝑐

(1)

And σ is the calculated scattering cross section, P is the
vacuum pressure, kB is Boltzmann constant,
kB=1.38064852e-23J/K-1, T is temperature.
In CEPC, beam lifetime due to beam-gas elastic
scattering (Coulomb scattering) is larger than 400 hours
and can be ignored. Beam lifetime due to beam-gas
inelastic scattering (bremsstrahlung) vs energy acceptance
is shown in Figure 1:

Figure 1: Beam lifetime due to beam-gas inelastic
scattering (bremsstrahlung) vs energy acceptance.
It is assumed that the residual gas is CO in CEPC, and
vacuum pressure is considered as 10-7 Pa. Beam lifetime
due to beam-gas inelastic scattering (bremsstrahlung) is
63.8 hours.
Beam lifetime due to beam-thermal photon scattering
can be calculated below in (2) [5, 6, 7]:
= 𝜌 𝑐𝜎 𝑓
(2)
With room temperature 270C (300K), ργ is about
5.596e+14 m-3. c is speed of light. σc is the cross section, f
is the ratio that in the number of scattering events which
energy spread is larger than energy acceptance.
MC1: Circular and Linear Colliders
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HIGH-QUALITY MUON BEAM PRODUCTION BASED ON
SUPERCONDUCTING SOLENOIDS
Yu Bao, Yingpeng Song, Yang Li, Xiao Li, Xin Tong
Institute of High Energy Physics, Beijing, China
Abstract
In labs, muon beams are produced by protons hitting targets. The initial phase space of the muon beam is extremely
large. In general, two types of muon collection methods
have been used in the world. One is to put the muon production target in a superconducting solenoid, and low-energy
muons are collected from the back of the target, then transported through a bent solenoid. In this way, a high-intensity
muon beam can be collected, but the energy spread is wide
and the beam polarization is low. For most µSR applications a surface muon beam with narrow energy bite and high
polarization is required. Most µSR facilities are built with
collecting magnets by the side of the target, in this way only a
small fraction of muons with low emittance are collected and
transported downstream. In this work we outline a muon collection method based on superconducting solenoid. Instead
of using bent solenoids, a matching section with a dipole
magnet is used to select muons with a certain momentum
and match to downstream beamliines. A high-quality muon
beam can be achieved with a high intensity and polarization.
Such a method can be adapted to the MUSIC, Mu2e, and
COMET muon beamlines after their dedicate experiments
and convert the beamlines into a high quality µSR facility.

INTRODUCTION
Muons have wide applications in both fundamental particle physics and material science researches.
As a charged lepton in the second generation, the muon is a
great tool to test the V-A structure in the weak interaction [1].
The Michel parameters of muon decay are used to precisely
measure important constants to test the Standard Model [2];
the rare decay of muons is used in experiments to search for
new physics [3].
When a µ+ decays it emits a fast decay positron preferentially along the direction of its spin due to the parity violating
decay. Based on this theory, the Muon Spin Rotation (µSR)
technique is widely used in studying the electromagnetic
characteristics of materials. As an exquisitely sensitive local probe, the muons can tackle fundamental problems in
condensed matter physics and chemistry [4].
In labs, muons are produced by protons hitting targets.
Most of the muon facilities around the world are based on
powerful proton accelerators, and two types of collecting
methods are used for the above applications. For particle
physics experiments that require super-high muon intensity,
dedicated muon beams are designed for the specific experiment [5, 6]. In this case, the muon production target is put
inside a strong magnetic solenoid in order to reach the maximum acceptance for the diverged muons. Then the muons
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are transported to the experimental area in bent solenoids.
Such a beamline has a great advantage to produce an intense
muon beam. For example the MuSIC facility has reached
an intensity of 4 × 108 µ+ /s with only a proton beam power
of 400 W [7]. However, the energy spread of such a beam is
large and the beam polarization is low, and these are required
for µSR applications.
µSR application platforms are based on producing
muons from a thin target, and collect the muons by roomtemperature (RT) magnets from the side of the target. In
this way, the transverse acceptance of the the beamline is
relatively small and a narrow energy spread of the muon
beam is selected in the beamline. High-quality muon beams
can be obtained by this method but the muon production
efficiency is sacrificed. At PSI in Switzerland, the most intensive surface muon beam (4.2 × 108 µ+ /s) in the world is
produced by a 1.2 MW proton driver [8].
In this work we present a novel way to produce a highquality muon beam with a relatively high efficiency. We
combine the advantages of the above two methods: the production target is put inside a super-conducting magnet to
collect the most of the surface muons; then a beamline with
RT magnets will be designed to maximize the transverse
acceptance and select a muon beam with a narrow energy
spread. As an example we use the proton beam produced at
the China Spallation Neutron Source (CSNS), we simulate
the muon beam quality from the back (upstream of proton
beamline) of the muon production target. We design a muon
transportation line with a large transverse acceptance. At
the end of the muon beamline, a muon beam with an intensity of 8 × 107 µ+ /s is expected with a proton power of
25 kW. The beam polarization at experiments can reach
above 0.9. The simulations in this work are all performed in
G4Beamline [9].

PROTON BEAM AND TARGET STATION
CSNS provides a proton beam of 1.6 GeV energy. One
bunch in every 10 double-bunch pulses is planned to be
extracted to produce muons. In this work we consider a
proton beam power of 25 kW on the muon production target,
which is 5% of the total power of the CSNS II upgrade.
The proton beam spot at the target is about 5.7 mm in rms
radius. The graphite target is a 30 cm long cylinder with a
diameter of 15 mm, sitting at the center of the major solenoid.
Figure 1 shows the schematic design. The proton beam
is injected to the target station and hit on the production
target. The collecting magnet is a superconducting solenoid
with a strong magnetic field up to 5 T. An adiabatic taper is
designed for the downstream high-energy decay muon beams
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PROGRESS OF HEPS ACCELERATOR SYSTEM DESIGN
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J.Q. Wang1,2, G. Xu1,2, J.H. Yue1,2, J. Zhang1,2, J.R. Zhang1, P. Zhang1,2
¹Key Laboratory of Particle Acceleration Physics and Technology, IHEP, CAS, Beijing, China
²University of Chinese Academy of Sciences, Beijing, China
Abstract
The 4th generation ring-based light sources, HEPS
(High Energy Photon Source) 7BA lattice has been developed at IHEP. This is 6Gev, 200mA machine which
has horizontal emittance Ɛh around 34pm.rad to gain the
high brilliance photon beam. this compact lattice design
bring so many engineering challenges for accelerator
magnets, vacuum components, beam instrumentation, etc.
This paper will present the novel lattice design and subsystem design progress.

FACILITY OVERVIEW
The new facility HEPS will be placed at a “green field”
site just about 80km away from Beijing. An S-band linear
accelerator equipped with an RF photocathode gun will
accelerate electrons up to an energy of 500MeV. And
then, the electron beam will be injected into the booster
through the low energy transport line(LTB, linac to booster) which is about 25m in length. The electron beam will
be accelerated from 500MeV to 6GeV during the circling
around the booster. The electron beam finally feed into
the storage ring at 6GeV. Between the booster and storage
ring, there are two high energy transfer lines, one is
BTS(booster to storage ring), the other is STB(storage
ring to booster), both are about 105m. The booster has
two functions: the first one is accelerate the e-beam from
500MeV to 6GeV, the second one will accept the e-beam
from storage ring, merge into the existing bunch in the
booster, it will re-injected into the storage ring after the
completion of e-beam accumulation. Due to the small
dynamic aperture, the on-axis swap-out injection scheme
will be used as the base line design.

THE LINEAR ACCELERATOR
For the simple and robust design solution, normal conducting bunching and accelerating structures are employed in the linac to provide a pulse charge up to 7 nC. A
relatively low accelerate gradient 20MeV/m was chosen
with economically optimizing consideration. At the exit
of the linac, the beam energy is 500 MeV and the normalized emittance is 40 μmrad. The layout is shown in Fig.1.

Figure 1: Linac system layout.
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THE BOOSTER
The booster of the HEPS is designed with a four-fold
symmetric lattice, which is shown in Fig.2. FODO cells
are used in each of the four arcs. The circumference of
the booster is about 454 m. At extraction energy, 6 GeV,
the typical beam emittance is 32 nmrad, and can be further optimized to 16 nmrad by adjusting the strength of
the magnets. The booster is not only used to boost the
beam energy, but also accumulate charges at the extraction energy. Combining the charges from the linac and
storage ring, the booster could provide a single-bunch
charge up to 15 nC for the storage ring.

Figure 2: The optics function of ¼ booster.

THE STORAGE RING
24 dual 7-BA cell (Fig.3) with antibends and superbends, alternating high and low-beta sections are used for
achieving an ultralow electron beam emittance[1]. The
lattice design was iterating with the accelerator hardwares, for instance: magnet lengths, strength limited
based on the material properties, gaps between magnets(necessary space), vacuum chamber transverse dimensions, photon exit port clearance, and so on.

Figure 3: Storage ring achromat.
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APPLICATION OF WCM IN BEAM COMMISSIONING OF RCS IN CSNS
Li Mingtao†, An Yuwen, Xu Shouyan, Li Fang, Xu Taoguang, China Spallation Neutron Source
(CSNS), Institute of High Energy Physics, Chinese Academy of Sciences, Dongguan, China
Abstract
Wall Current Monitor (WCM) is the only beam instrument in RCS of CSNS. It is utilized to derive many kinds
of physics parameters during beam commissioning. The
longitudinal phase distribution of the bunch over the boosting time is deduced for our future analyzation.

INTRODUCTION
China Spallation Neutron Source (CSNS) is a neutron
source, with designed beam power of 100 kW. The layout
of CSNS is shown in Fig. 1 [1]. The accelerator is mainly
composed of an 80 MeV Linac and a Rapid Cycling Synchrotron (RCS). The Linac accelerator accelerates the
beam of H- to 80 MeV, and then injects the beam into the
RCS with a repetition rate of 25 Hz. After transferring over
the two stripping foils, with two electrons stripped out, HBeam turns to proton beam. The RCS boosts the proton
beam in 20 ms, and then the beam is kicked out to the target
throw the RTBT. During the 20 ms boosting process, the
kinetic energy of one proton increases from 80 MeV to
1.6GeV, and the proton beam transfers over the RCS about
19600 rings. At the injection time, the cycling period the
beam is about 1.95 μs, while at the extraction time, the cycling period decreases to 0.818 μs.

Figure 2: Real wall current data extracted from WCM.

Monitor Beam Current / Beam Charge
After the effective data are extracted, the so-called
changing baseline of the wall current is derived in the following step:
(1) Get the positive part of the signal in Fig. 2. The positive part is shown in Fig. 3.

Figure 3: Positive part of the wall current data.
Figure 1: Layout of China Spallation of neutron Source.
A WCM is installed in the RCS. This WCM is running
with a sampling rate of 100 MHz over the 20 ms boosting
time. The sampling rate has the potential to be increased to
20 MHz. If the wall current over only a small time range,
such as 1ms, is concerned, then the sampling rate could be
increased to 1 GHz.

(2) Search the peaks of the signal in the positive signal.
The peaks are shown in Fig. 4.Note that here the x axis
has been transformed to time in ms unit. Now the
curve in this figure indicates the DC part of the wall
current. In fact, after multiplying a scale factor, this
signal would almost equal to the beam current get
from DCCT/SCT.

APPLICATION OF WCM
The raw data of WCM signal has a length of 2500000.
In view of the 20 ms boosting time and the sampling rate
of 100 MHz, 2000000 significant figures must be picked
out from the 2500000 raw data [2]. These 2000000 significant figures are shown in Fig. 2.
___________________________________________
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LONGITUDINAL TOMOGRAPHY FOR ANALYSING THE LONGITUDINAL PHASE SPACE DISTRIBUTION IN RCS OF CSNS*
Li Mingtao†, An Yuwen, Xu Shouyan, Xu Taoguang, China Spallation Neutron Source (CSNS), Institute of High Energy Physics, Chinese Academy of Sciences, Dongguan, China.
Abstract
It is proved that in the beam commissioning of the RCS
of CSNS, the longitudinal optimization is vital for the promotion of the beam power. The WCM is the only beam instrument for the measurement of the longitudinal parameters. It is important for us to deduce the longitudinal phase
space distribution, using the WCM data. The longitudinal
tomography is applied, and some satisfying results have
been obtained.

INTRODUCTION
The RCS of China Spallation Neutron Source (CSNS)
the layout of which is shown in Fig.1 boosts the kinetic
energy of one proton from 80 MeV to 1.6GeV in 20ms [1],
and in this process the proton beam transfers over the RCS
about 19600 rings. At the injection time, the cycling period
the beam is about 1.95 μs, while at the extraction time, the
cycling period decreases to 0.818 μs. The designed beam
power of CSNS is 100 kW, with a mean current 62.5μA
and a repetition rate 25 Hz. The RCS is running with a
harmonic number 2.

tion should be studied. It is a pity that the phase space distribution couldn’t be directly measured by the beam instruments. The WCM could measure the longitudinal phase
distribution of the bunch after sophisticated data processing, as introduced in our work [2]. Based on these result, it is promising that the longitudinal phase space distribution would be derived, using the so-called tomography
method.

LONGITUDINAL TOMOGRAPHY
Tomography
Tomography is a powerful mathematical tool to reconstruct the initial distribution from a set of projection from
different angles. It has been widely used in medical instrument, industrial inspections, x-ray astronomy, and so on.
Applying the tomography to the accelerator beam commission study has a history of more than 20 years. Generally
speaking, there are three main kinds of reconstruction algorithm in the application of tomography: filtered back
projection (FBP) or convolved back projection (CBP), algebraic reconstruction technique (ART), Maximum entropy. In this work, the algebraic reconstruction method is
adopted to reconstruct the longitudinal phase space distribution of RCS of CSNS. ART algorithm is one of the
most typical iteration algorithm [3-8].

WCM data

Figure 1: Layout of China Spallation of neutron Source.
During the beam commissioning of increasing the beam
power from 50 kW to 80 kW, it is discovered that modifying of the ring RF frequency curve and the Amplitude
curve is one of the key point for beam optimization. The
effect of the longitudinal optimization is observed by the
beam transformation efficiency, the beam loss, and by wall
current. There is a DCCT, a SCT, a wall current monitor
(WCM), and 72 beam loss monitor installed in the RCS.
The WCM is used to measure the bunch length, the bunching factor, the longitudinal tune, and so in. The WCM installed in the RCS is running with a sampling rate of 100
MHz over the 20 ms boosting time.
To more elaborately analysing the longitudinal parameters, it is hoped that the longitudinal phase space distribu-

In another work, the method to derive the longitudinal
phase distribution based on WCM data has been introduced
[2]. Based on such kind of data analysing, an example of
the result of the longitudinal phase distribution of the
bunch measured by WCM is shown in Fig.2. The x axis
indicates the boosting time. The y axis indicates the longitudinal phase. Notice that the harmonic number of the RCS
of CSNS is 2, so the phase in Fig. 2 has a range of 0~720
degree. The colour indicates the distribution density of the
bunch. There is a systematic error between the phase distribution and the synchrotron phase of the ideal particle.
Before next step of analysis, this systematic error must be
deducted.
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PROGRESS OF CONCEPTUAL STUDY FOR THE ACCELERATORS OF A
2-7 GeV SUPER TAU CHARM FACILITY AT CHINA
D.R. Xu, W. Li, Q. Luo†, National Synchtrotron Radiation Laboratory, University of Science and
Technology of China, Hefei, China
W.W. Gao, J.Q. Lan, Fujian University of Technology, Fuzhou, China
Abstract
This paper shows the progress of the conceptual study
for the accelerators of a super tau charm facility in China.
Since the BEPCII will finish its historical mission in 5~10
years and its upgrade plan will only achieve a luminosity
gain of 3~5 times as it is now, a new next generation taucharm collider will play an irreplaceable role in future high
energy physics study. The luminosity of this successor is
about 5×1034 cm−2s−1 pilot and 1×1035 cm−2s−1 nominal,
100 times as BEPCII, also with the electron beam longitudinally polarized at the IP. The general scheme of the accelerators and the beam parameters are shown.

INTRODUCTIONS
Bejing Electron Positron Collider II (BEPC II), the most
successful tau-charm factory of the world in operation,
reached its design goal of luminosity of 1×1033cm-2s-1 in
the year 2016. Although IHEP is now planning to upgrade
the collider to large crossing angle with crabbed waist collision, the luminosity enhancement of the future upgrade
project will be 3~5 times as it is now, due to the limited
final focus section space and small total circumference. We
believe that BEPCII would finish its historical mission in
the next decade. The very ambitious CEPC-SPPC proposal,
which will cost a price of several orders higher than a tau
charm factory and a study and construction period of more
than 15 years, will be a long-term plan that requires global
cooperation. As a transitional choice before the construction of CEPC, a new tau charm collider facility was proposed [1] as BEPCII’s successor. It would also be a good
backup plan if the CEPC-SPPC construction cannot begin
on time as planned.
The new super tau charm facility was first named as
High Intensity Electron Positron Accelerator (HIEPA) due
to the intention to combine the collider and a 3rd /4th generation synchrotron radiation light source together [2]. Then
the accelerator physicists realized it is very hard to achieve
a perfect performance for different users respectively, because of the strong nonlinear effect and limited lifetime of
the beam. After that we make a decision that the new facility will be a collider only. This new collider, operating in
the range of center-of-mass energies from 2 to 7 GeV, will
have a luminosity of 5×1034 cm−2s−1 for pilot operation, and
a luminosity of 1×1035cm-2s-1 with longitudinal polarized
electron beam at the collision point for nominal operation.
____________________________________________
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The conceptual study of the STCF is now listed in future
plan of the Hefei Comprehensive National Science Center,
supported by the Collaborative Innovation Center for Particles and Interactions (CICPI, USTC) and the accelerator
division of the National Synchrotron Radiation Laboratory
(NSRL, USTC). At this stage, many common technologies
which are useful for both CEPC-SPPC and tau charm factory will be developed and a strong team of scientists will
be trained.

THE EVOLUTION OF THE GENERAL
SCHEME AND BEAM PARAMETERS
The first STCF idea in the year 2015 was a dual-purpose
facility that compatible with a 3rd/4th generation light
source [1]. But this idea is not feasible for three reasons.
First, the nonlinear effects from the final focus section of
the colliders and the arc sections of the ring light sources
are both very strong, therefore the dynamic aperture will
be too small. Second, the small bunches of the 4th generation light source will induce ultra-strong collective effects,
and then degrade the whole performance of the facility. Finally, the beam lifetime of the super tau charm factory is
about the order of magnitude of 1000 seconds, unable to
meet the need of stability that the light source users requires.

Figure 1: General sketch of the STCF accelerators.
Figure 1 shows the sketch of the STCF accelerators. The
new facility will be a dual-ring collider with symmetric and
flat beams. In Fig. 1 the two rings are not identical only
because we want to show there should be snakes in the
electron ring.
Last year we reported that the whole construction of the
Chinese STCF will be divided into three stages: the pilot,
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INTERACTION SECTION LATTICE DESIGN FOR A STCF PROJECT
W. W. Gao†, J. Q. Lan, Mathematics and Physics Institute, FJUT, Fuzhou, China
Q. Luo, National Synchrotron Radiation Laboratory, USTC, Hefei, China
Abstract
The Super Tau-Charm Factory (STCF) planning in
China is characterized with high luminosity, wide energy
range and high longitudinal polarized electron beam. In
order to achieve high luminosity, this project will adopt
the recently proposed collision scheme based on Large
Piwinski angle and Crab Waist. In this paper, a preliminary lattice design of interaction region meeting the above
collision scheme is described.

INTRODUCTION
The STCF [1] is a double-ring structure. The electron
and positron beams circulate around two separate rings
and intersect at a single interaction point where detector is
placed. The two rings have the same lattice structure,
except that the electron storage ring will install several
Siberian Snakes to get longitudinal polarized beam at the
interaction point.
The luminosity for a flat beam can be described as follow,

L
with

Jf 0 N b
[y
2re E y*

(1)

J the relativistic factor, f 0 the revolution frequency,

re the classical radius of electron, N b the number of
particle per bunch, E y* the vertical betatron function at the
interaction point and [ y the vertical beam-beam parameter. Compare with the traditional collision scheme the
Crab Waist (CW) [2] and Large Piwinski Angle collision
makes it possible to increase N b E y* by more than one
order of magnitude and increase [ y by two or three order
of magnitude without bunch length and beam current
reduction [3]. Thus the luminosity will increase several
orders of magnitude. Experimental test of the novel
scheme has already been confirmed at DAΦNE, the Italian Φ factory in 2010 [4].
The main parameters of the STCF project are listed in
Table 1. These parameters are chosen in order to get a
peak luminosity of 1×1035 cm-2s-1 required by the physics
case study. The center of mass energy range is 2-7 GeV.
Optimized energy of this paper is 4 GeV. The circumference of this STCF is planned to be about 600 m among
which ten dispersion free long straight sections are reserved to install Siberian Snakes and damping wigglers.

Table 1: Main Parameters of the STCF Project
Parameters
value
Circumference [m]
~600
Optimized energy (center-of-mass) [GeV]
4
Current [A]
1.5
Collision angle [mrad]
60
Hour-glass factor
0.8
Luminosity [cm-2s-1]
1×1035
βy*/βx* [mm]
0.6/60
The CW collision scheme requires strong final qudrupole to minimize the vertical betatron function at IP,
which is in the order of sub millimetres. This very small
vertical betatron function leads to that the vertical betatron function grows rapidly and then cause very large
vertical chromaticity. In order to reduce the negative
effect of sextupole, local chromaticity correction scheme
with –I transformation is employed. Additionally, the crab
sextupoles require special phase advances from IP to the
crab sextupole, as well as specific betatron function at
crab sextupole position to reduce the strength of the sextupole. The above constraints cause that, the interaction
region with CW scheme to be one of the important and
difficult areas. In this paper we give a detailed linear
optics design process of the interaction section.
The block diagram of the interaction region is shown in
Figure 1. It composes of four parts: (1) The final focus
system is designed as a telescope. (2) The chromaticity
correction section, including vertical chromaticity correction section and horizontal chromaticity correction section,
is designed for local chromaticity compensation. (3) Following that is the crab sextupole section. At the beginning
of this section the dispersion function and its derivative
are set to zero with a bending and four quadrupole magnets. Then, two triplets are used to adjust the horizontal
and vertical tunes which satisfy the crab sextuple requirement. (4) Finally, we use six quadrupoles to compose another telescope (from IP to the end of the interaction region).
Total length of the interaction region is 103.8 m and the
total bending angle is 36e.

Figure 1: Block diagram of the STCF interaction section.
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PRELIMINARY RESEARCH OF HOM FOR 100 MHz
SUPERCONDUCTING CAVITY IN THE PRE-RESEARCH PROJECT OF
HALS∗
Yungai Tang, Cong-Feng Wu† , Lin Wang
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Abstract
A 100 MHz QWR superconducting cavity is researched
in the pre-research project of Hefei Advanced Light Source
(HALS). Higher order modes (HOM) damping is a big challenge for synchrotron radiation light source. In this paper, we
first apply the novel choke mode structure to the 100 MHz
QWR (quarter wave resonator) cavity in order to damp the
HOM. We identify the main harmful higher order modes.
The HOMs in the QWR cavity are suppressed by optimizing
the choke dimensions. The broadband HOM impedance
spectrum of the cavity was also evaluated by calculating the
beam induced wake potential in time domain. The results
show that choke mode structure has a good HOM damping
effect on the QWR cavity.

This is a preprint — the final version is published with IOP

INTRODUCTION
A new synchrotron radiation light source conception was
brought forward by National Synchrotron Radiation Laboratory, which was named Hefei Advanced Light Source
(HALS) [1]. RF cavity research and HOM damping are
important in the pre-research project of HALS. A QWR superconducting cavity may be used in the HALS storage ring
for the compact structure and the physical calculation results
of the QWR cavity in the pre-research project of HALS were
provided in reference [2].
There are three main types of HOM coupler based on
different transmission lines and coupling circuits: beam
pipe absorbers, rectangular waveguide HOM couplers and
loop/antenna HOM couplers to a coaxial line. The QWR
cavity has a wide separation of the lowest HOM from the fundamental mode, which has the advantage for HOM damping.
The damping loops strongly coupled the HOMs with highpass filters protecting the fundamental mode in the 56 MHz
QWR superconducting cavity for the RHIC [3]. A hybrid
HOM damping scheme was proposed for the 166.6 MHz
HEPS QWR superconducting accelerating cavity [4]. An
absorber installed in the enlarge beam pipe to damped the
HOMs above beam pipe cutoff frequency while a petalshaped coaxial structure extracts the other HOMs.
Tsumoru Shintake first proposed the choke mode cavity [5]. The choke mode structure can provide a strong
HOM damping. A choke-mode damped structure designed
for CLIC main linac has good damping effect [6]. In this
paper, the choke mode structure is proposed to apply on the
∗
†
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QWR cavity in pre-research project of HALS to damp the
HOM.
The beam current of HALS storage ring is up to 500 mA,
HOMs induced by beam need to be strongly damped because
HOM will result in some severe beam instabilities. We
investigate the HOMs distribution in the 100 MHz QWR
cavity and identify the main harmful HOMs. A novel choke
mode structure for the QWR cavity was designed to damp
the HOM. The novel choke mode structure is composed
of a coaxial line, a radial line choke and the ferrite load.
The location of the ferrite material was optimized to absorb
the HOMs effectively. Wakefield simulation was performed
to get the broadband impedance spectrum of the 100 MHz
QWR cavity with the choke mode structure and to evaluate
the damping effect of the choke mode structure.

HOM PERFORMANCE FOR THE QWR
CAVITY
The size of the QWR cavity was optimized to get good
RF parameters. Table 1 shows the RF parameters of the
100 MHz superconducting cavity, where Ep/Eacc (Bp/Eacc)
is the ratio of the peak electric (magnetic) field at the cavity wall to the accelerating field, R/Q is the ratio of shunt
impedance to the quality factor and G is the geometry factor.
The electric field distributions for the fundamental mode and
the first HOM are shown in Fig. 1 and Fig. 2 respectively.
The frequency of the first HOM is 252 MHz which has a
large separation from the fundamental mode. The first HOM
is dipole mode and we evaluate the dipole shunt impedance
at 10 mm off-axis. We also calculate HOMs below 1GHz
and identify the mode configurations. Table 2 lists the details
of the main harmful HOMs in the 100 MHz QWR cavity.
Table 1: RF Parameters of the 100 MHz Superconducting
QWR Cavity
Parameter

Value

Frequency
R/Q
Ep/Eacc
Bp/Eacc
G

100 MHz
124.63 Ω
2.26
5.01 mT/(MV/m)
50.65 Ω

CHOKE MODE STRUCTURE DESIGN
We modify the original design of the choke mode structure
in reference [5]. The electromagnetic modes are extracted by
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STUDY ON BEAM-INDUCED HEATING IN INJECTION SECTION OF
HEFEI LIGHT SOURCE∗
D. Xu, W. Xu† , University of Science and Technology of China, Hefei, China
Abstract
Ceramic chambers distributed with metal striplines on the
inner surface are installed in the injection section at Hefei
Light Source (HLS). Heating on the ceramics chambers has
been observed during machine operation. An air compressor
is used to cool these chambers due to concerns of overheating
during top-up operation mode. To understand the sources
of the heating, a series of experiments are performed with
various beam currents and bunch filling patterns. The study
shows that the heating is mainly caused by the narrow-band
impedances of the ceramic chambers and their adjacent vacuum components.

INTRODUCTION
HLS is the first dedicated synchrotron radiation light
source in China, providing radiation from infrared to soft
X-ray. It consists of an 800 MeV storage ring with a circumference of 66.13 m and a linac injector which can perform
full-energy beam injection. HLS realized the stable top-up
operation for user experiments in July 2018. The beam in
the storage ring is maintained in the range of 355 − 360 mA
and 35 out of the total 45 buckets are filled with electron
bunches.
HLS employs a local bump orbit to inject electron beam
into the storage ring. The injection system consists of four
kicker magnets and one septum magnet, as shown in Fig. 1.
Two kickers, K2 and K3 , are located in a long straight section.
K1 is in the front of the upstream bending magnet, while K4
is at the end of the downstream bending magnet [1].

Figure 1: Layout of the HLS injection system where K1 − K4
are kickers and SEP is the septum magnet.
Ceramic vacuum chambers are adopted inside the kicker
magnets to avoid vortex induced by the rapid change of their
magnetic fields. The inner surface of the ceramic chamber
is coated with a titanium (Ti) layer. Six metal striplines
are distributed on the upper and lower sides which aims at
minimizing the machine coupling impedance. The ceramic
vacuum chamber is shown in Fig. 2.
∗
†
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Figure 2: Ceramic vacuum chamber profile.
Heating of the ceramic chambers has been observed during top-up operation and an air compressor has to be used to
cool them down. In order to study this thermal phenomenon,
four temperature sensors are installed around the ceramic
chamber inside the kicker K4 . The distribution of the sensors
which are labeled from T1 to T4 is shown in Fig. 3.

Figure 3: Temperature sensors around the ceramic chamber
inside the kicker K4 , in which T1 is on the outside of the
storage ring.
Since the kicker K4 is located downstream close to a bending magnet, it is affected by two main heating sources: synchrotron radiation and impedance of the ceramic chamber
and its adajacent componts. In this paper, we try to figure out
the contribution of these two heating sources. Furthermore,
the longitudinal impedances of the vacuum structure with
the ceramic chamber is studied.

THEORY
When a bunch passes through a given structure, it will
suffer an energy change proportional to the square of the
charge [2], written as
∆ε = −k ∥ q2,

(1)

where k ∥ is the longitudinal loss factor which is an integral
of the longitudinal impedance Z ∥ (ω) multiplied by the bunch
power spectrum h(ω) in frequency domain,
∫ ∞


1
k∥ =
Re Z ∥ (ω) h(ω) dω.
(2)
2π −∞
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SPIN RESONANCE STRENGTH IN THE TRANSPARENT SPIN MODE OF
THE NICA COLLIDER
Yu. N. Filatov, S. V. Vinogradov, MIPT, Dolgoprudniy, Moscow Region, Russia
A. M. Kondratenko, M. A. Kondratenko, STL “Zaryad”, Novosibirsk, Russia
A. D. Kovalenko, JINR, Dubna, Russia
Abstract

To implement the polarization program at the NICA complex (Dubna, Russia) the novel mode of ion polarization
control — the transparent spin mode — is planned to use.
To set up the transparent spin mode in the NICA collider two
solenoidal snakes will be placed in straights of the Multi Purpose Detector (MPD) and the Spin Physics Detector (SPD).
The beam polarization at SPD will be controlled by means of
“weak” solenoids. The main characteristic of the transparent
spin mode is the spin resonance strength, which consists of
two parts: a coherent part arising due to additional transverse and longitudinal fields on the beam trajectory deviating
from the design orbit and an incoherent part associated with
the particles’ betatron and synchrotron oscillations (beam
emittances). The resonance strength allows one to formulate
requirements on the magnitudes of the control solenoids’
fields. The theoretical analysis, calculation and spin tracking simulation of the spin resonance strength in the whole
momentum range of the NICA collider are presented.

INTRODUCTION
Different experiments are planning with polarized proton,
deuteron and helium-3 (in the future) to identify and study
different observables for different physics tasks at the SPD
set-up. The polarization control system should provide the
followings: 1) longitudinal and transverse polarization at
the MPD and SPD interaction points with the polarization
degree not less 70% and the polarization lifetime comparable to the beam lifetime; 2) the collision luminosity of
1030 − 1032 cm−2 ·c−1 over the particle momentum range
from 2 to 13.5 GeV/c; 3) the collision energy scan with specified step (from 1.0 GeV to 0.3 MeV). Operation in asymmetric (for example pd–collision) mode is foreseen also [1].

DISTINCT SPIN MODE AT RHIC

At the present time, RHIC is the only facility that operate
in polarized proton mode [2]. To provide long-term stability
of polarization (a few tens of hours) two helical snakes,
which eliminate the influence of synchrotron oscillations on
the spin, are inserted in opposite straights of the collider. The
snakes rotate the spins over 180◦ about their axes oriented
at +45◦ and −45◦ with respect to the beam direction (the
snakes’ axes are perpendicular). The collider operates in the
“Distinct Spin” (DS) mode, the magnetic lattice determines
a single stable orientation of the beam polarization. The
dynamics of the stable polarization direction along the ring
is as follows: first, the spin initially directed vertically saves
this orientation in the first arc, then the spin is flipped by the
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first helical snake and after that it keeps the flipped vertical
direction in the second arc and, finally, restores its initial
vertical orientation after the flipping by the second snake.
Any polarization in the arc lying in the collider plane after
one particle turn on the design orbit changes its direction to
the opposite, which means that the spin tune is 1/2. To obtain
longitudinal polarization, two spin rotators located directly
in front of and after the detector are used [3]. The total
integral of the transverse field in spin rotators and snakes is
about 100 T·m. The RHIC polarization control scheme is
not suitable for deuterons.

TRANSPARENT SPIN MODE AT NICA
In the “Transparent Spin” (TS) mode, any polarization
direction is repeated after particle’s each turn, i.e. the magnetic lattice of the collider is transparent to the spin [4, 5],
and the spin tune is equal to zero. Two solenoidal snakes
symmetrically located around the SPD and MPD setups provide a long-term polarization stability (see Fig. 1). The axes
of the snakes are parallel that keeps the zero spin tune over
the total energy range.

Figure 1: Polarization control at the NICA’s TS mode.
Solenoidal snakes do not change the design orbit. Since
the field integral in the snake changes proportionally to the
particle momentum, the lattice functions of the orbital motion also remain constant. At the maximum momentum, the
total integrals of the longitudinal field for snakes per one ring
are approximately of 100 T·m for protons and of 360 T·m
for deuterons. One can distribute short solenoids along the
experimental straights to form the snakes [4, 6]. In the case
of 6 T solenoids the total length of proton half-snake is of
4.2 m (see Fig. 2).

Figure 2: Distributed solenoidal snake (one half).
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TWO-BEAM OPERATION IN DESIREE
Anders Källberg, Mikael Björkhage, Mikael Blom, Henrik Cederquist, Peter Reinhed, Stefan Rosén, Henning Thordal Schmidt, Ansgar Simonsson, Henning Zettergren, Dept of Physics, Stockholm University, Stockholm, Sweden
Abstract
The current status of DESIREE is described, with special
emphasis on the setup for collision experiments with ions
in both the two electrostatic rings - negative ions in one
ring and positive in the other. By measuring in 3D the kinetic energy released in mutual neutralization reactions between the two ions at collision energies close to zero eV,
the population of different reaction channels has been obtained. The different steps necessary to set up the beams to
get well controlled experimental properties are described
as well as the principles behind our automatic optimization
routines, which are extensively used with consistent result.

Figure 1: Layout of DESIREE.

INTRODUCTION
The DESIREE storage ring facility at the Physics Department at Stockholm University consists of two electrostatic storage rings with one common straight section. The
rings are cooled to around 13 K. The excellent vacuum
which results from the low temperature allows very long
storage times to be used, up to more than 1000 s. Experiments are performed both with ions stored in only one of
the rings as well as utilizing the unique possibility of the
double-ring design of DESIREE to study mutual neutralization between positive and negative ions in the straight
section which is common for the two rings. The beams
stored in the two rings with close to the same velocity but
different masses, can be merged in the common straight
section with the help of two extra pairs of horizontal steerers in ring A (asymmetric). The space needed for these
steerers requires two quadrupole pairs to be displaced compared with ring S (symmetric). The design allows a maximum mass ratio between the two beams of 20. The schematic layout of DESIREE is shown in Fig. 1. An overview
of DESIREE can be found in ref [1] and a report on a single
ring storage experiment in ref [2].

AUTOMATIC OPTIMIZATION
An automated, model independent process is used to
maximize the intensity of the ion beams. It consists of the
following steps:
MC4: Hadron Accelerators
A24 Accelerators and Storage Rings, Other

1) Choose a list of optical elements to be used for the
optimization.
2) Read the current signal, usually averaging over a
few cycles. Input is either the current in a beam line
Faraday cup, the spectrum analyzer signal from an
electrostatic pick-up at injection, or the stored beam
current which is dumped in a Faraday cup inside
DESIREE at the end of each cycle.
3) Change one or sometimes two parameters up and
down (same direction for pairs of quadrupoles, opposite for pairs of correctors) and read the current
signal again for each value of the parameter.
4) If the signal is improved, keep that setting of the parameter and continue the procedure in 2) as long as
the signal improves.
5) Go to the next parameter in the list and repeat from
2).
6) At the end of the list(s), go to the beginning of the
list again and start another round of optimizations
with slightly reduced step sizes and an increased
number of averages.
Different sets of parameters can be selected from the different input files. Typical sets of parameters are the elements in the beamline, the injection, the main ring and the
correction parameters in the ring. The step sizes are given
in the input files individually for each parameter and are
adjusted from the experiences of many tries using the optimization procedure.

Figure 2: Example of an optimization run. The beam
curent, as measured at the end of the cycle, is increased
from 4 nA at the end of a 0.24 s cycle to 12 nA after a
4.24 s cycle. The decrease in current half-ways through
the op-timization is due to the increase of the cycle
length. 12 out of 28 parameters have been changed.
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FUTURE HIGH POWER PROTON DRIVERS FOR NEUTRINO BEAMS∗
C. Plostinar, M. Eshraqi, B. Gålnander, European Spallation Source ERIC (ESS), Lund, Sweden
V. Lebedev, Fermi National Accelerator Laboratory (Fermilab), Batavia, IL, USA
C. Prior, Science and Technology Facilities Council, Rutherford Appleton Laboratory,
ISIS Department (STFC/RAL/ISIS), Harwell, UK
Y. Sato, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
J. Tang, Institute of High Energy Physics (IHEP), Beijing, China
Abstract
Over the last two decades, significant efforts were made
through several international studies to identify and develop
technical solutions for potential Neutrino Factories and Superbeam Facilities. With many questions now settled, as well
as clearer R&D needs, various proposals are being made for
future facilities in China, Europe, Japan and North America. These include both developing and adapting existing
machines as well as green-field solutions. In this paper, we
review the major accelerator programmes aimed at delivering high-power proton beams for neutrino physics.

INTRODUCTION
The global development of the next generation of high
power proton accelerators is driven by an extensive range of
applications. Systematic reviews [1,2] of current efforts have
identified potential uses ranging from spallation neutron
sources, accelerator driven subcritical reactors and transmutation of nuclear waste to material irradiation facilities,
radioactive ion beams, production of tritium or secondary
beams (neutrino/muon/kaon factories). The power capabilities of various machines is illustrated in Figure 1, where
the trend towards higher power can be seen for most future
projects.
For the neutrino physics programme, a systematic approach to defining an optimal, baseline design for a future
neutrino complex, was made by the International Scoping
Study of a Future Neutrino Factory and Superbeam Facility
(ISS-NF) [3] as well as the EUROnu project [4]. Within ISSNF, the Accelerator Working Group (AWG) [5] addressed
multiple issues, including the proton driver for a neutrino
factory and defined the required beam power, the optimum
beam energy, repetition rate, bunch length as well as the
preferred hardware configuration (linac, synchrotron, FFAs).
The resulting Neutrino Factory baseline as defined by ISSNF can be seen in Figure 2.
ISS-NF, was followed by the IDS-NF (The International
Design Study for the Neutrino Factory) [6], which built on
the previous findings to develop baseline concepts for each
part of the facility. For the proton driver, specific proposals were made at CERN, Fermilab and RAL that included
both green-field solutions as well developing and adapting
existing facilities. At CERN, a superconducting proton linac
(SPL) was studied, with an energy of 5 GeV and a beam
∗
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Figure 1: Average beam power of several major accelerator
projects. Compiled in part from [2, 7] and with data from E.
Laface (private communication).
power of 4 MW [8]. A similar approach was taken by Fermilab, where ProjectX aimed to deliver beam powers up to
3 MW using a CW linac driver with the option for future
staged upgrades [9]. Finally at RAL, a multi-MW machine
was analysed that could also be used as a driver for ISIS Spallation Neutron Source. Designs including superconducting
linacs, RCS and FFAs were under consideration [10, 11].
While valuable knowledge was gained from these design
and R&D efforts, the go ahead for construction was never
given. However, the need for high power proton beams for
neutrino physics remains and we will further review the
current major proposals.

Figure 2: A possible layout for a neutrino factory as defined
by the ISS-NF.
MC4: Hadron Accelerators
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Abstract
The 2.0 GeV, 5 MW proton linac for the European
Spallation Source, ESS, will have the capacity to accelerate additional pulses and send them to a neutrino target,
providing an excellent opportunity to produce an unprecedented high performance neutrino beam. The ESS neutrino Super Beam intends to measure, with precision, the
charge-parity (CP) violating lepton phase at the 2nd oscillation maximum. In order to comply with the acceptance
of the target and horn systems that will produce the neutrino super beam, the long pulses from the linac must be
compressed by about three orders of magnitude with
minimal particle loss, something that will be achieved
through multi-turn charge-exchange injection in an accumulator ring, which should be able to accommodate over
2×1014 protons. Several design challenges are encountered, such as strong space charge forces, low-loss injection with phase space painting, a reliable charge stripping
system, efficient collimation, and e-p instabilities. This
paper focuses on the status of the accumulator ring design, with multi-particle simulations of the injections
procedure.

THE ESSNUSB
The European Spallation Source (ESS) [1], presently
under construction in Lund, Sweden, will be the world’s
highest brightness neutron source, powered by a 5 MW
proton linac. The linac accelerates proton pulses to 2 GeV,
at a repetition rate of 14 Hz and a duty cycle of 4%, and
transports them to the target station. The RF cavities in
the ESS linac can accept up to 10% duty cycle, which
means that it has the capability to provide an additional 5
MW of beam power. To this end, the ESS linac can, with
moderate modifications, be used for the production of a
very intense neutrino beam, the ESS neutrino Super Beam
(ESSnuSB). ESSnuSB aims at measuring, with precision,
the CP violating angle at the 2nd oscillation maximum [2]
using a megaton-scale Water Cherenkov detector located
a few hundred kilometres from the neutrino source.
The neutrino target station [3] consists of four targets,
each equipped with a neutrino horn which provide optimum focusing during only about 1.5 μs. The ESS linac,
however, provides pulses of 2.86 ms duration. In order to
make full use of the unique beam intensity of the ESS,
these pulses must be compressed through multi-turn injection into an accumulator before they are sent to the
target. Figure 1 shows a schematic view of the ESSnuSB
facility on the ESS site.
___________________________________________
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Figure 1: The ESSnuSB baseline layout on the ESS site.
Charge-exchange (H-) injection will be used in order to
accommodate the high beam intensity and to minimize
beam losses at injection. Each linac pulse will be split
into four sub-pulses, or batches, and each batch will be
accumulated separately during roughly 500 turns. Each
accumulated batch will then be extracted in one turn and
sent to one of the four targets. Through this scheme, the
average beam power on each target will be limited to 1.25
MW, and the space charge tune shift in the ring will be
kept at an acceptable level.
In order to improve the performance of the neutrino experiment, the ESSnuSB will raise the ESS beam energy
from 2.0 to 2.5 GeV, which has the consequence that 5
MW of beam power, for neutrons and neutrinos, respectively, can be reached with a reduced beam intensity in
the accelerator. Three gaps of 100 μs duration will be
required for reconfiguration of the accumulator in between each batch. In addition, there will be extraction
gaps at regular intervals corresponding to the revolution
period in the ring. These gaps, which must be generated
in the linac, will have a duration of about 10% of the
revolution time. Since the beam pulse duration in the
linac cannot be extended, the current in the linac need to
be increased from 50 mA to about 62 mA, in order to
compensate for the intensity loss due to the presence of
the gaps. A summary of the ESSnuSB parameters is
shown in Table 1.
Table 1: A Summary of the ESSnuSB Parameters
Parameter
Average beam power
Beam energy
Pulse average current
Pulse duration from linac
Pulse repetition rate
Beam intensity per filling

Value

Unit

5
2.5
62
2.86
14
2.2×1014

MW
GeV
mA
ms
Hz
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Abstract

THE FCC-HH COLLIMATION SYSTEM

The Future Circular Collider (FCC-hh) is being designed
as a 100 km ring that should collide 50 TeV proton beams. At
8.3 GJ, its stored beam energy will be a factor 28 higher than
what has been achieved in the Large Hadron Collider, which
has the highest stored beam energy among the colliders built
so far. This puts unprecedented demands on the control of
beam losses and collimation, since even a tiny beam loss
risks quenching superconducting magnets. We present in
this article the design of the FCC-hh collimation system and
study the beam cleaning through simulations of tracking,
energy deposition, and thermo-mechanical response. We
investigate the collimation performance for design beam loss
scenarios and potential bottlenecks are highlighted.

This is a preprint — the final version is published with IOP

INTRODUCTION
The FCC-hh is a design study for a future 100 km long
50 TeV proton collider [1]. It features an unprecedented total
stored beam energy of 8.3 GJ, a factor 28 higher than what
has been achieved at the Large Hadron Collider (LHC) [2].
The uncontrolled loss of even a tiny fraction of the beam risks
quenching a superconducting magnet or causing damage. It
is therefore crucial that an ultra-eﬃcient collimation system
can intercept and absorb any beam losses. This article shows
the conceptual design of the FCC-hh collimation system and
its estimated performance in simulations. Previous studies
of FCC-hh collimation are found in Refs. [3–6].
The design goal for betatron losses in the FCC-hh is that
a temporary beam lifetime (BLT) drop down to 0.2 h should
be sustained over 10 s without a beam dump or quench. It is
the same goal as set for the LHC [7] and the high-luminosity
LHC (HL-LHC) [8]. It is pessimistic compared to LHC
observations [9], which provides a safety margin. In the
FCC-hh, it corresponds to an instantaneous beam loss power
of 11.6 MW impacting on the collimation system.
The collimation system must not only protect against unavoidable losses during regular operation but also protect
from losses during failures [10, 11], help optimisation of
the experimental backgrounds [12, 13], and provide satisfactory beam cleaning for ion operation, while keeping the
impedance at acceptable levels, which is not treated in detail
in this article.
∗
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The FCC-hh collimation system is based on the LHC
system design [10, 11, 14–16], as well as foreseen upgrades
for HL-LHC [8, 17, 18]. Similar collimators are assumed
with two movable jaws and the beam in the middle. There
are two dedicated collimation insertions: the 2.8 km long
point J (PJ) for betatron cleaning and the 1.4 km long point
F (PF) for momentum cleaning. The β-functions and the
length have been scaled up by a factor 5 to achieve collimator
gaps that are similar to the LHC both in mm and in beam σ.
This ensures mechanical stability and acceptable impedance
at σ-settings small enough to protect the aperture.
The betatron system consists of a multi-stage hierarchy
with robust primary collimators (TCP) at 7.6 σ, followed
by secondary collimators (TCSG) at 8.8 σ, intercepting the
secondary halo. Active tungsten absorbers (TCLA) at 12.6 σ
form a third cleaning stage. Most TCSGs are made of Mographite with a 5 μm Mo coating as in the HL-LHC [8] to
ensure a tractable impedance. The most loaded collimators
(the ﬁrst TCSG in PJ and the TCPs), are made of carbonﬁbre-composite (CFC) with jaws that are thicker than for
LHC collimators.
In the TCP, protons may suﬀer a signiﬁcant energy loss in
single-diﬀractive scattering, but only a small betatron kick.
Such protons risk to bypass downstream collimators in the
straight section and be lost in the dispersion suppressor (DS)
where the dispersion rises. Special collimators (TCLD) are
therefore installed in the DS to intercept these losses, as in the
HL-LHC [17,18]. TCLDs are also installed in the insertions
for experiments and extraction. In addition, tertiary tungsten
collimators (TCTs) at 10.5 σ are installed upstream of the
experiments to protect the ﬁnal-focus triplets.

CLEANING PERFORMANCE
Tracking simulations are used to estimate the loss pattern around the ring using the coupling [19–21] between
SixTrack [16, 22–24] and FLUKA [25, 26]. SixTrack tracks
protons through the magnetic lattice and FLUKA simulates
the proton-matter interactions in collimators. Protons are
tracked until they hit the machine aperture or undergo a nuclear inelastic reaction in a collimator. This framework has
shown good agreement with measurements of LHC beam
losses [27]. The starting beam distribution is a halo with a
large enough amplitude to hit the TCPs on the ﬁrst turn as
described in Ref. [16], at a very shallow 0.2 nm impact depth.
In these studies, 108 protons are tracked for 200 turns.
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Abstract
Among several working groups formed in the framework
of the Physics Beyond Colliders study, launched at CERN
in September 2016, there is one investigating specific fixedtarget experiment proposals. Of particular interest is the
study of high-density unpolarized or polarized gas targets
to be installed in the LHC, upstream of the LHCb detector,
using storage cells to enhance the target density. This work
studies the impact of the interactions of 7 TeV proton beams
with such gas targets on the LHC machine in terms of particle
losses.

This is a preprint — the final version is published with IOP

INTRODUCTION
In the framework of the Physics Beyond Collider study
program, which investigates new experimental possibilities
exploiting the CERN accelerator facilities [1, 2], a working
group is studying proposals of fixed-target experiments at
the Large Hadron Collider (LHC) [3]. Among them, there is
a proposal to install an internal gaseous target adjacent to the
LHCb detector at the insertion region (IR) 8. An unpolarized
or polarized gas would be injected in a tubular open-ended
storage cell (SC) traversed by the beam. Several gas species
are under consideration for such an experiment. The SC
technology allows enhancing the target density, while preserving the beam pipe vacuum [4], and areal target densities
up to 1014 atoms/cm2 are considered in the design.
The scattering rate of 7 TeV protons on a target with
a large areal density might limit the machine availability,
since too high beam losses could cause the superconducting
magnets to quench. In this work, the beam-gas interaction
is simulated and the scattered protons are tracked along
the LHC ring in order to compare the local losses with the
estimated magnet quench limit. In case the quench limit is
exceeded, a restriction is given for the target density in order
to assure safe working conditions. This gives important
inputs to future design developments for the gas target.
More details on the technical aspects of this work can be
found in Ref. [5].

SIMULATION SETUP
The interactions of 7 TeV protons impacting on a gaseous
target were sampled with the Monte Carlo code FLUKA
[6,7]. The surviving scattered protons were then tracked with
the SixTrack code [8–10] along the LHC lattice. The subsequent interactions of the beam with the collimators were
∗
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simulated using the FLUKA coupling to SixTrack [11–13]
or built-in scattering models in SixTrack [9]. The energy
threshold for tracking was set to 1 TeV, and the tracking stops
either when there is no proton from the interaction above
this threshold or when a proton hits the machine aperture in
other elements than collimators. Simulations with SixTrack
and FLUKA have been successfully benchmarked with LHC
measurements in previous publications [14–17]. The machine optics was generated with mad-x [18] for version 1.3
of HL-LHC [19].
Elastic and inelastic beam-gas interactions were studied
separately, and H and Xe targets were taken as extreme cases,
since all the other considered gas species have an atomic
weight in-between. Six million particles were tracked for
every simulation.
The position of the gas target was assumed in the interval
of 1.5–3 m upstream of the LHCb collision point in the
reference system of the clockwise rotating Beam 1. Because
of the longitudinal asymmetry of the LHCb detector, the
installation is only possible on one side of the experiment.
In this way, only Beam 1 can be used for measuring forward
products. For the elastic case, only one position of the center
of the target was considered (1.69 m from the interaction
point, or IP, as the initial design baseline). For the inelastic
case, which is potentially more critical in terms of losses,
different target positions were simulated in order to check for
any dependence of the losses on the target location, taking
the extremes at the start and end points of the interval at
1.5 m and at 3.0 m from the IP.
The simulation output gives a map of local proton losses
along the beam line, divided into losses on cold magnets,
warm magnets, and collimators. The loss maps were analysed by plotting the energy impacting on the machine aperture and collimators as a function of the longitudinal coordinate s, after being normalized to the specific beam-gas
interaction rate:
R [s−1 ] = σ [cm2 ] × θ [cm−2 ] × I [s−1 ],

(1)

where σ is the cross section of 7 TeV protons impacting
on the selected target calculated off-line using FLUKA (the
bunch energy spread is negligible to this calculation), θ is
the target areal density and I the beam current calculated as:
I [s−1 ] = Nb × nb × frev [s−1 ]

(2)

with Nb being the number of protons per bunch, nb the number of bunches per beam, frev the beam revolution frequency.

MOPRB049
673

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPRB050

PERFORMANCE OF THE COLLIMATION SYSTEM DURING THE 2018
LEAD ION RUN AT THE LARGE HADRON COLLIDER
N. Fuster-Martínez ∗ , R. Bruce, J. M. Jowett, A. Mereghetti,
D. Mirarchi, S. Redaelli, CERN 1211 Geneva 23, Switzerland
Abstract
As part of the Large Hadron Collider (LHC) heavy-ion
research programme, the last month of the 2018 LHC run
was dedicated to Pb ion physics. Several heavy-ion runs
have been performed since the start-up of the LHC. These
runs are challenging for collimation, despite lower intensities, because of the degraded cleaning observed compared
to protons. This is due to the differences of the interaction
mechanisms in the collimators. Ions experience fragmentation and electromagnetic dissociation that result in a substantial flux of off-rigidity particles that escape the collimation
system. In this paper, the collimation system performance
and the experience gained during the 2018 Pb ion run are
presented. The measured performance is compared with the
expectation from the Sixtrack-FLUKA coupling simulations
and the agreement discussed.

INTRODUCTION
At the CERN Large Hadron Collider (LHC) [1], proton
and heavy-ion beams are broght in collisions for high-energy
physics experiments. The most recent Pb-Pb collision run
took place in 2018, in which 208 Pb82+ ion beams were accelerated to an energy of 6.37 Z TeV [2]. The stored beam
energy reached was 13.3 MJ, which is well above the design
value of 3.8 MJ [3] and what was previously achieved in
Run 2 [4].
The 208 Pb82+ ion runs are challenging for collimation despite the lower stored energy reached in comparison to the
300 MJ reached by protons. This is because of the degraded
cleaning observed for heavy-ions in comparison to protons
throughout Run 2 [5] due to the fragmentation and electromagnetic dissociation (EMD) processes occurring at the
collimators. In 2018, no magnet quenches were recorded
due to slow losses from circulating beams, but 7 out of 48
fills were dumped by high losses in IR7 caused by orbit
oscillations [6].
In this paper, the performance of the collimation system
and the experience gained during the 2018 Pb ion run are
presented. The measured performance is compared with
the expectations from simulations of multi-turn cleaning
processes. The understanding of the agreement between
simulation tools and measurements is crucial for future operation, where even higher intensities are envisaged [7].

CLEANING PERFORMANCE
Off-momentum and betatron collimation systems are
housed in two LHC Insertion Regions (IRs) [8–12], IR3
∗
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Table 1: 2018 Physics Collimator Settings. L and R indicates
the left and right jaw, respectively
Collimator

Beam

TCP/TCSG/TCLA
TCP/TCSG/TCLA
TCP/TCSG/TCLA
H TCTs
H TCTs
V TCTs
TCTs
TCDQ / TCSP
TCDQ / TCSP
TCL.4/5/6

B1
B2
B1/2
B1
B2
B1/2
B1/2
B1
B2
B1/2

IR

Half-gap [σ]

7
5.5(L)-5.0(R)/6.5/10
7
5/6.5/10
3
15/18/20
1/2/5
11/9/9
1/2/5
9/9/9
1/2/5
9/9/9
8
15
6
7.4/7.4
6
7.4(L)-11.2 (R)
1/5
15/15/out

and IR7, to protect the LHC from normal and abnormal
losses. Each system comprises a multi-stage hierarchy with
primary (TCPs) and secondary (TCSGs) collimators, as well
as absorbers (TCLAs). Tertiary collimators (TCTs), close
to the experiments, protect the superconducting triplet magnets and reduce the background in the experiments. Two
collimators per beam (TCSP, TCDQ) are installed in IR6 for
dump protection.
During beam commissioning, the performance of the collimation system is validated through loss maps (LMs) before
high-intensity beams are allowed. The betatron cleaning is
checked by inducing transverse losses on a safe low-intensity
beam, while the losses are recorded by the beam loss monitoring (BLM) system. Such LMs are done at several points
in the LHC operational cycle [13, 14]. The collimator settings used for colliding beams, similar to the proton settings
with a few exceptions, are summarised in Tab. 1.
Figure 1 shows the horizontal full ring LM (left) and the
IR7 zoom (right) for Beam 1 (top) and Beam 2 (bottom)
in collisions. Beam 1 goes from the left to the right while
Beam 2 goes from the right to the left. The BLM signal is
normalized by the highest measured signal and the losses
are classified by their location as cold (blue), warm (red)
or collimator (black). The highest cold losses are found in
three clusters in the dispersion suppressor (DS) downstream
of IR7. An apparent breakage of the cleaning hierarchy was
observed in IR7, where the highest measured BLM signal
was on a TCSG instead of the TCP. However, it was confirmed experimentally that the TCSG signal was caused by
secondary showers and ion fragments and not from primary
beam, which was indeed impacting only on the TCP. A summary of the maximum BLM signal in the DS for the studied
cases (injection, Flat Top (FT), End of Squeeze (EoS), and
physics) is shown in Fig. 2. As in previous Pb-Pb runs, the
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Abstract
In the framework of the High-Luminosity Large Hadron
Collider project (HL-LHC), the LHC collimation system
needs important upgrades to cope with the foreseen brighter
beams. New collimation hardware will be installed in two
phases, the ﬁrst one during the LHC second Long Shutdown
(LS2), in 2019-20, followed by a second phase starting in
2024 (LS3). This paper reviews the collimation upgrade
plans for LS2, focused on a ﬁrst impedance reduction of
the system, through the installation of collimators based on
new materials, and the improvement of collimation cleaning,
achieved by adding new collimators in the cold dispersion
suppressor regions. The performance of the new system in
terms of cleaning ineﬃciency for proton and lead ion beams
is presented.

INTRODUCTION
The Large Hadron Collider (LHC) [1] at CERN is
equipped with a sophisticated collimation system [2]. One
of its main goals is to protect superconducting (SC) magnets
against quench. Even if the system performance in Run 1
(2010-2013) [3] and in Run 2 (2015-2018) [4] was very satisfactory, with no collimation-induced quenches, relevant
upgrades are necessary to cope with the beams foreseen by
the High Luminosity LHC (HL-LHC) [5, 6] project, which
aims at increasing the integrated luminosity collected by the
high-luminosity LHC experiments until 2024 by a factor
10 over a dozen years starting from 2026. To do so, a challenging upgrade will take place during the Long Shutdown
3 (LS3), 2024-2026, to equip the LHC ring with suitable
hardware. Similarly, the LHC injectors [7] will be upgraded
already in LS2, to be able to produce the necessary beams.
The proton beams will be a factor 4 brighter in HL-LHC than
the nominal LHC, thanks to the higher bunch population
at injection, i.e. 2.3 1011 protons per bunch (ppb) instead
of 1.15 1011 ppb, and the smaller normalised emittance,
i.e. 1.7 μm instead of 3.5 μm.
In this paper, the current baseline upgrade of the collimation system is reviewed. Diﬀerently from the rest of the
machine, collimation upgrades will take place already in
LS2. The collimation system for Run 3 (2021-2023) is presented and its performance targets are assessed in simulation.
Finally, some conclusions are drawn.
∗
†
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THE PRESENT COLLIMATION SYSTEM
AND ITS UPGRADE
The present collimation system features momentum cleaning, located in the insertion region 3 (IR3), and betatron
cleaning, located in IR7 with the last stages in the experimental IRs for local protection.
Collimators are organised in families [1, 2]. Primary
(TCP) collimators deﬁne the collimation cut; secondary
(TCSG) collimators intercept beam particles out-scattered
by TCPs, and shower absorbers (TCLAs) intercept the most
forward secondary particles from TCPs and TCSGs. Tertiary
collimators (TCT) oﬀer local protection to the inner triplets
(ITs) in IR1, IR2, IR5 and IR8, and reduce the background
to the experimental detectors.
Collimators are made of two movable jaws, centred around
the circulating beam [1, 2]. TCPs and TCSGs are presently
made of carbon-ﬁber-composite (CFC), a material that enhances robustness, as convenient for the stages closest to
the beam. TCTs and TCLAs are made of Inermet 180, a
heavy tungsten alloy, which maximises particle absorption at
the expenses of robustness, as convenient for the last stages
immediately upstream of sensitive equipment.
The planned upgrade will address the challenges set by
the HL-LHC project, intervening on several aspects of the
LHC collimation system [8].
Dispersion Suppressor (DS) collimation One DS collimator (TCLD) will be installed in cell 9 on each side of IR7
for cleaning the outgoing proton and heavy ion beams (see
Fig. 1, left plots). To make space, a standard 8.33 T main
dipole (MB) will be replaced by two shorter 11 T dipoles
with the TCLD in between. One TCLD collimator will also
be installed on each side of IR2 in cell 11, at the location
of the connection cryostat, without 11 T dipoles, for Pb ion
operation only (see Fig. 1, right plots). Losses in the DSs of
IR1 and IR5 during Pb ion operation are mitigated by local
bumps in the DS region that move losses at the location of
the connection cryostat, with no need for dedicated collimators [9]. The complete DS collimation upgrade takes place
in LS2.
Low-impedance upgrade Nine secondary collimators
per beam with a new, low-impedance design (TCSPMs)
will be installed in IR7. The TCSPM features Mo-coated,
MoGr jaws. Four [10] TCSPMs per beam will be added in
LS2, with three installed immediately downstream of present
TCSGs, and one replacing the present TCSG.D4 collimator

MOPRB051
681

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPRB052

GAMMA FACTORY AT CERN: DESIGN OF A PROOF-OF-PRINCIPLE
EXPERIMENT
R. Alemany-Fernandez, H. Bartosik, N. Biancacci, R. Bruce, P. Czodrowski, Y. Dutheil
V.N. Fedosseev, B. Goddard, S. Hirlaender, J.M. Jowett, R. Kersevan, M. Kowalska
M.W. Krasny1 , M. Lamont, D. Manglunki, J. Molson, A. Petrenko2 , M. Schaumann, F. Zimmermann
CERN, Geneva, Switzerland, 1 also at LPNHE, Paris, France
2 also at Budker Institute of Nuclear Physics, Novosibirsk, Russia
A. Apyan, ANSL, Yerevan, Armenia
Y.K. Wu, FEL/Duke University, Durham, NC, USA
F. Kroeger, FSU, Jena, Germany
M. Sapinski, T. Stoehlker, GSI, Darmstadt, Germany
F. Castelli, V. Petrillo, L. Serafini, INFN, Milano, Italy
C. Curatolo, INFN, Padova, Italy
G. Weber, IOQ, Jena, Germany
S. E. Alden, A. Bosco, S. M. Gibson, L. J. Nevay
John Adams Institute at Royal Holloway, University of London, Egham, United Kingdom
A. Bogacz, JLab, Newport News, USA
D. Budker, Johannes Gutenberg University, Mainz, Germany
A. Derevianko, KhNU, Kharkov, Ukraine
K. Cassou, I. Chaikovska, K. Dupraz, A. Martens, F. Zomer, LAL, Orsay, France
M. Zolotorev, LBNL, Berkeley, USA
E.G. Bessonov, V. Shevelko, LPI RAS, Moscow, Russia
J. Bieron, K. Dzierzega, W. Placzek, S. Pustelny
Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
Abstract
The Gamma Factory (GF) initiative proposes to create
novel research tools at CERN by producing, accelerating
and storing highly relativistic partially stripped ion beams in
the LHC rings and by exciting their atomic degrees of freedom by lasers, to produce high-energy photon beams. Their
intensity would be several orders of magnitude higher than
those of the presently operating light sources in the particularly interesting gamma-ray energy domain reaching up to
400 MeV. In this energy domain, the high-intensity photon
beams can be used to produce secondary beams of polarised
electrons, polarised positrons, polarised muons, neutrinos,
neutrons and radioactive ions. Over the years 2017-2018 we
have demonstrated that these partially stripped ion beams
can be successfully produced, accelerated and stored in the
CERN accelerator complex, including the Large Hadron
Collider (LHC). The next step of the project is to build a
proof of principle experiment in the SPS to validate the principal GF concepts. This contribution will present the initial
conceptual design of this experiment along with its main
challenge — the demonstration of the fast cooling method
of partially stripped ion beams.

INTRODUCTION
High flux and high energy photon sources can have many
applications, not only in high energy physics but also in

MC2: Photon Sources and Electron Accelerators
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atomic and nuclear physics. Such sources usually involve
the use of electrons within a facility that can produce highly
relativistic electron beams. However, it is also possible to
produce such photon beam by exploiting the atomic degrees
of freedom of a highly relativistic partially stripped ion (PSI)
[1].
Figure 1 schematically shows the principle of high energy
photon production using PSI. An optical photon of angular
frequency ω travelling against the PSI is boosted in the ion
frame to:
ω ′ = (1 + β)γω ≃ 2γω,
(1)
where β is the ratio of the ion speed to that of light and γ the
Lorentz factor. It is clear from the 2γ term that the Lorentz
boost gives access to the excitation of electronic transitions
of much higher energies than what is commonly reachable.
The spontaneous de-excitation of the ion then produces
a photon, whose angular distribution is isotropic in the ion
frame. Boosting back that photon to the rest frame has two
important consequences:
• the emitted photons are concentrated in a small angle
≃ 1/γ in the forward direction of the ion beam.
• the angular frequency ω ′′ of the photon propagating
back along its incoming direction is boosted by another
factor 2γ such that :
ω ′′ ≃ 2γω ′ ≃ 4γ 2 ω.

(2)
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Abstract
The Gamma Factory initiative proposes to use partially
stripped ion (PSI) beams as drivers of a new type of high
intensity photon source. As part of the ongoing Physics
Beyond Collider studies, initial beam tests with PSI beams
have been executed at CERN. On 25 July 2018 lead ions
with one remaining electron (208 Pb81+ ) were injected and
accelerated in the LHC for the first time. After establishing
the injection and circulation of a few 208 Pb81+ bunches, beam
lifetimes of about 50 hours could be established at 6.5 TeV
proton equivalent energy. This paper describes the setup of
the beam tests and observations made.

This is a preprint — the final version is published with IOP

THE GAMMA FACTORY PROPOSAL
The principal objective of the Gamma Factory proposal [1,
2] is to create and store relativistic atomic beams and to
exploit their atomic degrees of freedom. Atomic beams are
composed of Partially Stripped Ions (PSI) from which all but
a few electrons have been stripped on the way between an ion
source and the final storage ring, which at CERN is the Super
Proton Synchrotron (SPS) or the Large Hadron Collider
(LHC). These synchrotrons store beams at very high energies
over a large range of the Lorentz factor: 30 < γ L < 3000,
at high intensities: 108 < Nb < 109 ions/bunch, and at high
bunch repetition rates of up to 20 MHz.
When a laser, tuned to the atomic transition frequencies
of the PSI beam, interacts with the circulating particles,
resonant absorption of laser photons is induced. The subsequent spontaneous atomic-transition emits secondary photons boosted by a factor of up to 4γ L2 with respect to the initial laser-photon frequency. The resonant absorption cross
section is in the giga-barn range, and the high γ L factors
available in the SPS and the LHC open the possibility of
exciting atomic transitions even of high-Z ions with fairly
conventional laser systems.
PSI beams stored at LHC energies could produce photons
in the energy range of 1 ≤ Eγ ≤ 400 MeV, which is above
the muon-pair production threshold. CERN is the only place
in the world where such a light source could be realised.

GOALS OF LHC TEST BEAM
Studies with PSI beams in the SPS started in 2017 with
partially stripped xenon (129 Xe39+ ) beams [3] and continued
in 2018 with the well-known lead-208 isotope with one
(208 Pb81+ ) or two (208 Pb80+ ) remaining electrons [4]. Based
on the observation of a better beam lifetime for 208 Pb81+ this
charge state was selected for injection into the LHC. In the
∗
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scope of a machine development experiment, 10 hours of
beam time were granted for the first operation of PSI beams
in the LHC on 25 July 2018. The goals of this initial test
were:
• Injection of the new particle type.
• Establish stable circulation of a few bunches.
• Acceleration and storage at 6.5 Q TeV1 .
• Study of beam lifetime and evolution at injection and
top energy.
• Beam loss characterisation.
All goals were successfully achieved and an analysis of the
measurements is presented in the following chapters. Storing
partially stripped ions in the LHC at 6.5 Q TeV fulfilled the
first of five milestones of the Gamma Factory proposal [5].

CONFIGURATION
It had already been proven with the p-Pb pilot run in
2012 [6, 7] and the Xe-Xe run in 2017 [8] that short LHC
runs with new species (lasting only a few hours) can have significant physics output. Given the limited time, it is crucial
to keep the setup time short and the accelerator configuration
simple. Therefore, similarly to the Xe-Xe and p-Pb pilot
runs, the nominal LHC cycle was used just until top energy
(no squeeze, no collisions) for the PSI operation. As a consequence of the change in particle type, the transfer lines
had to be steered, the injection kicker timings adjusted, the
RF systems of the SPS and the LHC were re-synchronised
and the RF frequency in the LHC tuned to the value for
208 Pb81+ ions2 . These are the standard tasks when moving
from proton to heavy-ion operation.
The beam provided by the injectors for this experiment
consisted of two bunches spaced by 200 ns per SPS injection in the LHC. Each bunch featured an intensity of up to
1.1 × 1010 charges, equivalent to 1.3 × 108 ions. Because of
machine protection requirements the total circulating beam
intensity had to stay below 3 × 1011 charges throughout the
experiment, which allowed a maximum of 24 circulating
bunches.

EXPERIMENT EVOLUTION
Only about 2 h after the official start of the experiment
the LHC circulated its first partially stripped ions. While
1
2

Q = Z − 1 in this case is the charge number of the ion.
The RF frequency required for 208 Pb81+ is lower than for fully stripped
208 Pb82+ and was therefore the lowest used in the LHC so far.
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THz RADIATOR BASED ON PHOTONIC BAND GAP CRYSTAL FOR
SwissFEL∗
L. Shi† , S. Reiche, R. Ischebeck, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
Abstract
The electromagnetic radiation in 1 −20 THz has many
unique properties when it interacts with matter due to its
non-ionizing excitation in matter. Especially the dynamics
of the excited matter can be probed with the help of X-ray
pulses at a free electron laser facility, e.g., SwissFEL, to
deepen our understanding of a wide range of phenomena.
Due to its high research potential, various means of THz
generation have been proposed and demonstrated. We investigate preliminarily here its generation based on a relativistic
electron bunch and a photonic band gap crystal (PBG) made
of dielectric rods. The PBG provides additional degrees
of freedom for the THz pulse tuning. Additionally, the unwanted radiation parts can be damped by the structure in
order to minimize the deleterious beam dynamics effects.
The crystal also promises the integration of generation, filtering and coupling for transport into a single piece.

INTRODUCTION

of the structure is preferably fixed in order to provide stable
acceleration. For the radiation generation, the structure is
better to be tunable mechanically and thus the generated radiation is able to accommodate various experimental needs.
We also noticed the tunability of the dielectric material via,
say Kerr effect, but it is not discussed at this stage.
The photonic band gap crystals represent a family of crystals and therefore it is impossible to discuss them exhaustively here. We start our photonic band gap structure design
from a waveguide with the analogy from a dielectric lined
waveguide with circular cross section, which provides the
highest coupling between the electron beam and the waveguide. We first discuss a possible design of the band gap
structure and compare it with its counterpart waveguide
whenever appropriate. The potential means of tuning are followed. We also actively prepare the necessary experimental
infrastructure for such an experiment. A brief introduction
to our experimental platform-the vacuum chamber for accelerator on a chip program (ACHIP) [16] is given before we
conclude the paper.

The electromagnetic radiation in 1-20 THz has many spectroscopic properties when it interacts with matter. In particular the non-ionizing excitation of phonons in matter, which
is important to understand the physiochemical as well as
biological processes of condesnsed matter [1]. The dynamics of the matter then can be probed with X-ray pulses at
a free electron laser facility [2]. The generation of THz
can be based on optical rectification for a broadband [3],
quantum cascaded lasers, dedicated accelerator beam lines
etc. [4]. The narrowband THz pulses find their places in a
range of matter excitation researches [5]. The generation of
narrowband, high power THz pulses have been exemplified
in several labs based on the dielectric lined waveguides [6–
8]. However, the circular dielectric lined waveguide (DLW)
limits the tunability to its supported modes once the geometry is fixed. The tuning can only be achieved by changing
the electron beam [7, 9]. Inspired by the DLW and the work
from photonic band gap crystal (PBG), we here investigate
the feasibility of generating tunable narrowband THz pulses
with the PBG. The prerequisite of the electron beam for the
excitation is readily available from our free electron laser,
SwissFEL [10].
A photonic band gap structure [11] for photons works in a
similar way as the band gap of a semiconductor for electrons
in solid state physics. Several pioneer investigations have
been carried out to study its electrical properties in radio
frequency range for acceleration purposes and the mitigation
of the transverse wake fields has been demonstrated experimentally [12–15]. For acceleration operation, the geometry
∗
†
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PHOTONIC BAND GAP WAVEGUIDE
In order to efficiently generate radiation, several conditions should be met: the mode (electromagnetic field distribution) should be confined and exhibit electric field along the
beam movement direction; the phase velocity of the mode,
normally transverse magnetic mode with azimuth symmetry,
should be synchronized with the electron beam [17]. For the
mode transverse confinement, it is either from the metallic
coating, as in a dielectric lined waveguide or some band gap
from the photonic structures as shown in Fig. 1.

Figure 1: Transverse cross section of (a) a dielectric lined
waveguide, (b) a Bragg fiber, and (c) dielectric rod waveguide. (For conceptual illustration only.)
The DLW (Fig. 1-a) consists of a vacuum passage for the
electron beam movement surrounded by a layer of dielectric
material εr with a metallic coating (yellow part) for the
mode confinement. The Bragg fiber ( Fig. 1-b) has multiple
layers of alternating dielectric material to provide destructive
reflections (to form a band gap) so that a mode of a certain
frequency in the gap is confined and the others can leave the
region. The alternative layers are in analogy to the metallic
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Abstract
To pursue the highest brightness and intensity of the
synchrotron light, the synchrotron machines are pushed to
operate with as high as possible of the beam current. To
suppress the heavy beam loading effects, the direct RF
feedback is currently widely used. This paper provides an
another approach to alleviating the heavy beam loading
effects on machine operation. Different from the direct
RF feedback technique, this approach need not add
additional feedback loop to the existed RF feedback
system. Applying a proper angle rotation to the I-Q error
signals of the cavity voltage, before entering the existed
feedback loop, is the only action required in this
approach. The paper will explain the working mechanism
and investigate the behaviour of this approach, through an
example case, with numerical simulation.

power transfer under operation with beam current, the
load impedance of the RF cavity is set to keep RF
matching condition with the waveguide or the coaxial
line, so-called transmission line. To understand how to
keep RF matching condition, let us examine the change,
caused by beam current, in the normalized load
impedance, which is equal to the load impedance divided
by the characteristic impedance of the transmission line.
The characteristic impedance of the transmission line can
be defined from the power loss of a RF load, and will not
be changed after it is defined. Let us define the cavity
voltage as the load voltage for an RF cavity which is on
resonance and without beam-loading. Then the power loss
on the RF load can be described by the cavity voltage (vc)
and cavity shunt impedance (Rs):
2

pc=

INTRODUCTION
With beam current, the cavity voltage contains RF
fields, generated by the RF power source and induced by
the beam current. It is the beam-induced RF field that
causes so-called beam loading effects in the machine
operation. The effect can make machine difficult in
keeping a constant cavity voltage, stable high current
operation, etc. Currently, the direct RF feedback and
detuned cavity are the common adopted approaches to
alleviating heavy beam loading effect in machine
operation.
Different from the direct RF feedback, the presented
approach need not implant any additional RF feedback
loop to the existed RF system. Applying a proper angle
rotation to the feedback I-Q errors of the controlled cavity
voltage before the error signals enters the RF feedback
loop is the only action required in this approach.
The working mechanism of this approach is explained
by examining the change of RF matching condition of an
RF cavity, that is caused by beam loading. the behaviour
of this approach is also investigated by numerical
simulation, through an example case. All the formulas
used in the numerical simulation is presented.

WORKING MECHANISM FOR THIS
APPROACH
To understand the working mechanism for this
approach, we first examine what an RF cavity will change
as operating with beam current. To obtain maximum
______________________________________________

†

(1)

vc
2⋅R s

The impedance of the cavity load, Zc, is then equal to Rs.
Under such definition for the load impedance, the
transmission line impedance Zt can be represented by [1]:
Z t= Rs/ β

(2)

where β is the coupling parameter of the RF cavity. While
cavity is detuned and without beam loading, the cavity
impedance can be written as [2]:
Z c=

Rs
1
=
Y c 1− j 2 Q 0 δ

(3)

where δ=( ωc −ω RF )/ ω RF . While the RF cavity is
loaded with beam current, the admittance of the cavity
load includes the RF-harmonic beam current [3]:
Y c=

1 1− j 2 Q 0 δ ib
=
+ ⋅exp (− j ϕ s )
Zc
Rs
vc

(4)

where ϕs is the phase difference between the RF-harmonic
beam current (ib) and the cavity voltage (vc). ϕs is equal to
the synchronous phase in synchrotron machines. The
reflection coefficient for the RF cavity is then equal to
Γ=

( Z c / Z t )−1 ( Z c⋅β/ R s)−1
=
( Z c / Z t )−1 ( Z c⋅β/ R s)+1

(5)
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COLLIMATION OF PARTIALLY STRIPPED ION BEAMS IN THE LHC∗
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M. W. Krasny2 , J. Molson2 , L. J. Nevay1,2 , S. Redaelli2 , M. Schaumann2
1 John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX, UK
2 CERN, 1211 Geneva 23, Switzerland,
3 University of Malta, Msida, MSD 2080, Malta
Abstract
In the scope of the Physics Beyond Colliders studies,
the Gamma Factory initiative proposes the use of partially
stripped ions as a driver of a new type, high intensity photon
source in CERN’s Large Hadron Collider (LHC). In 2018,
the LHC accelerated and stored partially stripped 208 Pb81+
ions for the first time. The collimation system efficiency
recorded during this test was found to be prohibitively low.
The worst losses were localised in the dispersion suppressor
(DS) of the betatron-cleaning insertion. Analytic arguments
and simulations show that the large losses are driven by
the stripping of the remaining electron from the Pb nucleus
by the primary collimators. The rising dispersion in the
DS pushes the resulting off-rigidity, fully-stripped ions into
the aperture of the superconducting magnets. In this study
the measured loss maps are compared against results from
simulations. Different mitigation strategies are outlined,
including a dispersion suppressor (DS) collimator, crystal
collimation or an orbit bump.

INTRODUCTION
The goal of the Gamma Factory initiative is to study the
possibility of creating high-intensity, high-energy photon
beams at the Large Hadron Collider (LHC) [1]. This is
achieved by accelerating and storing partially stripped ion
(PSI) beams and exciting their atomic degrees of freedom
using a laser. The energy of the photons emitted during the
de-excitation of the excited atomic states is proportional to
the square of the Lorentz factor of the ion beam, which allows
photon energies of up to 400 MeV in the LHC. In 2018, the
first test with PSI beams was performed in the LHC with
the goal of studying the beam lifetime and characterising
the beam losses [2]. During the test, 208 Pb81+ ions with one
electron were injected and stored in the LHC (Beam 1 only).
This test provided also the first opportunity to study empirically the collimation of PSI beams. The cleaning performance was tested in so-called loss maps, where a safe lowintensity beam was excited to artificially create losses, while
measuring their distribution around the ring using more than
4000 beam loss monitors (BLMs) [3, 4]. Loss maps were
measured at injection (450 Z 1 GeV) and at flat-top energy
(6.5 Z TeV). In both cases severe losses were observed in
the DS of IR7. These losses turned out to be a real opera∗
†
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Where Z is the charge number of the ion.
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tional limitation, when a beam dump was triggered at top
energy by regular losses on the collimation system, with
only 24 low-intensity bunches (1.1 × 1010 charges/bunch) in
the machine, causing an unusually high-loss leakage to cell
11 in the DS of IR7. The loss maps at flat-top were taken
during a subsequent fill with only 6 bunches of even lower intensity (0.75 × 1010 charges/bunch). Still the losses reached
around 60 % of the dump threshold and this is potentially a
show stopper for LHC operation with PSI beams. The measurement of those losses, the understanding of the mechanism that drives them, and the potential mitigation strategies
are presented in this paper.

RECAP OF LHC COLLIMATION
In order to protect the machine from steady-state and
anomalous beam losses, a state-of-the-art collimation system is installed in the LHC [5]. Its primary function is to
safely dispose of the beam halo and provide passive machine
protection. The beam halo is continuously repopulated by
processes in the beam core or in the tails and any losses pose
a risk of quenching superconducting magnets or damaging
sensitive equipment. There are two warm insertions dedicated to cleaning the halo - the betatron-cleaning insertion
(IR7) to remove beam particles with large spatial trajectory
excursions and the off-momentum cleaning insertion (IR3)
to remove beam particles with large momentum offsets. The
primary collimators (TCPs) are the devices closest to the
beam and their purpose is to absorb or scatter halo particles to collimators at larger apertures [6]. The secondary
collimators (TCSGs) are designed to intercept the particles
outscattered from the TCPs. All collimators used in IR3 and
IR7 have two jaws. It is important to note here that beam halo
particles interacting with the TCPs are not always deflected
onto the TCSGs; in some cases they can escape the collimation insertion and complete further revolutions around the
ring. Beam particles with momentum offsets induced by the
scattering in the TCPs can escape the collimation section
and be lost on the cold aperture in the dispersion suppressor
(DS) immediately downstream, where the rising dispersion
affects their trajectories. This is the dominating process for
cold losses, and the DS in IR7 is thus the main bottleneck
for beam halo losses in the LHC. In the case of nominal ion
operation these losses are a limiting factor for the achievable intensity [7–9]. The collimation system in the LHC has
been designed and optimised for proton operation and it is
important to evaluate its performance for PSI beams.
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COLLIMATION OF HEAVY-ION BEAMS IN THE HE-LHC∗
A. Abramov1,2† , R. Bruce2 , M. Crouch2 , N. Fuster-Martinez2 ,
A. Mereghetti2 , J. Molson2 , L. J. Nevay1,2 , S. Redaelli2
1 John Adams Institute at Royal Holloway University of London, Egham, TW20 0EX, UK
2 CERN, 1211 Geneva 23, Switzerland
Abstract
A design study for a future collider to be built in the LHC
tunnel, the High-Energy Large Hadron Collider (HE-LHC),
has been launched as part of the Future Circular Collider
(FCC) study at CERN. It would provide proton collisions at
a centre-of-mass energy of 27 TeV as well as collisions of
heavy ions at the equivalent magnetic rigidity. HE-LHC is
being designed under the stringent constraint of using the
existing tunnel and therefore the resulting lattice and optics
differ in layout and phase advance from the LHC. It is necessary to evaluate the performance of the collimation system
for ion beams in HE-LHC in addition to proton beams. In the
case of ion beams, the fragmentation and electromagnetic
dissociation that relativistic heavy ions can undergo in collimators, as well as the unprecedented energy per nucleon
of the HE-LHC, requires dedicated simulations. Results
from a study of collimation efficiency for the nominal lead
ion (208 Pb82+ ) beams performed with the SixTrack-FLUKA
coupling framework are presented. These include loss maps
with comparison against an estimated quench limit as well
as detailed considerations of loss spikes in the superconducting aperture for critical sections of the machine such as the
dispersion suppressors.

INTRODUCTION
The High-Energy Large Hadron Collider (HE-LHC) is
a design study for a future energy frontier proton-proton
collider with 27 TeV centre-of-mass energy [1–4]. The HELHC will use the magnet technology proposed for the hadron
option of the Future Circular Collider (FCC-hh), but will
be housed within the existing LHC tunnel. Because of the
tight space constraints, the optics and layout of the lattice in
some regions differ from those of the LHC. A multi-stage
collimation system is foreseen in the HE-LHC. Apart from
protecting the machine from regular and irregular betatron
losses, which is the main focus of this work, the collimation system should also provide machine protection [5] and
minimise experimental backgrounds [6, 7]. Although the
collimation system design is based on that of the LHC [8, 9]
and HL-LHC [10, 11], there are some key differences. As
in the LHC, collimators are housed in two dedicated insertion regions (IRs) i.e. IR7 for betatron collimation and
IR3 for off-momentum collimation. Each of these IRs in∗
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cludes a 3-stage collimation system - primary collimators
(TCPs) intercept halo particles, secondary collimators (TCSGs) capture particles out-scattered by the TCPs and shower
absorbers (TCLAs) stop the showers generated in collimators upstream. Additional collimators are installed around
the experimental insertions.
Thanks to the experience gained during the HL-LHC
study [12], dispersion suppressor collimators (TCLDs) were
also foreseen early on in the HE-LHC design process to
protect the dispersion suppressor (DS) of the betatron collimation insertion from off-momentum losses coming from
the warm straight sections. In the HE-LHC, the space for the
TCLDs is achieved by optimising the layout in the DS [13]
rather than replacing main dipoles in the DS by shorter and
stronger magnets like in the HL-LHC. The betatron collimation insertion, including 2 TCLDs, has been successfully
integrated into the lattice, but the impact on collimation
cleaning efficiency must be carefully assessed.
With a total stored beam energy of almost 50 MJ, about a
factor 4 beyond what has been achieved operationally with
Pb ion beams in the LHC [14], Pb collimation becomes extremely challenging in the HE-LHC. Regular beam losses
are unavoidable, and the superconducting magnets are very
sensitive to any local losses, which risk inducing quenches.
Based on experience at the LHC, the collimation efficiency
is expected to be about two orders of magnitude worse than
for protons [15], since heavy ions undergo nuclear fragmentation and electromagnetic dissociation (EMD) in the
collimators. These processes produce secondary ion fragments with a charge-to-mass ratio different from the nominal
one [15, 16]. They can emerge from the collimators within
the geometric acceptance of the warm sections and pose a
risk for the cold magnets in the DS, where the dispersion
ramps up to the nominal value. For ion operation in the LHC,
such DS losses limit the achievable intensity [17]. The purpose of this study is to evaluate the collimation cleaning
performance for Pb ion beam operation in the HE-LHC.

SIMULATION SETUP
The simulations presented here are performed using
the SixTrack-FLUKA active coupling framework [18], in
which SixTrack [19–23] performs 6D symplectic tracking
in the magnetic lattice and FLUKA [24, 25] provides a full
Monte-Carlo simulation of physics interactions inside the
collimators. Thanks to the addition of support for arbitrary ions species [26], this method provides predictions
in good agreement with measurements of ion collimation
efficiency [15, 27]. The lattice used to study the betatron
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SIMULATING NOVEL COLLIMATION SCHEMES FOR
HIGH-LUMINOSITY LHC WITH MERLIN++
S. Tygier∗ , R.B. Appleby, University of Manchester, UK
R.J. Barlow, S. Rowan, University of Huddersﬁeld, UK
Abstract
Due to the large stored beam energy in the HL-LHC, new
collimation technologies must be used to protect the machine. Active halo control of the proton beam halo with a
Hollow Electron Lens can give a kick to protons at the edge
of the beam without aﬀecting the core. Various modes of operation are possible, for example the electron lens can have
a continuous current or it can be pulsed to diﬀerent amplitudes for each passage of the proton beam. In this article we
use Merlin++ simulations to show the performance of these
modes for HL-LHC parameters. We also present recent
simulations comparing scattering models in Merlin++.

INTRODUCTION
The High Luminosity upgrade to the Large Hadron Collider (HL-LHC) [1] will increase the data collection capability of the LHC by a factor of 10. The upgraded components
of HL-LHC should be installed by the end of the long shutdown 3 (LS3) in 2026. To achieve this, the beam current is
increased and thus the stored energy of the beam increases
by approximately a factor of 2. This puts signiﬁcant extra
demand on the collimation system to protect the rest of the
machine. In addition the possibility of fast failures of the new
crab cavity system introduces new risks to the collimators.
Active halo control is being considered for inclusion into
HL-LHC to mitigate these new risks. This reduces the proton
population in the tails of the beam distribution using ﬁelds
rather than physical collimators. By doing so fewer protons
are lost into the collimators in the time before the dump is
triggered, for example in the event of a fast change in the
orbit position. These methods have the advantage that they
can cause eﬀects closer to the core of beam without placing
physical equipment at risk of damage from the beam.
Three methods of active halo control have been suggested: by narrow-band excitation using the LHC transverse
damper [2], using tune modulation [3], and with a Hollow
Electron Lens (HEL) [4].

MERLIN++
Merlin++ [5] is an open-source accelerator simulation
library written in C++11. It is designed to be modular and
extensible to provide a large ﬂexibility in its use for simulation tasks and to allow the easy addition of new physics
processes. It has been used for a number of studies on a
range of accelerators including the International Linear Collider (ILC) [6] and the LHC [7]. It is developed by a team
∗
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in the University of Manchester and the University of Huddersﬁeld as part of the HL-LHC project. Its features include
the ability to tracking particles and measuring optical parameters through typical accelerator lattices, as well as more
advanced physics processes for collimation, HEL and synchrotron radiation studies.

5.02 Release
Merlin++ 5.02 was released in March 2019. The main
focus of this release has been to improve the sustainability of the project as deﬁned by the Software Sustainability
Institute [8]. This has involved investigation into areas of
the source code with the highest complexity, as measured
by the McCabe cyclomatic complexity, and refactoring to
resolve the problems found. For example, ﬁle-parsing code
has been factored out from several places into a single shared
class, the aperture class hierarchy has been redesigned, and
the included random number generator has been removed in
favour of the Mersenne Twister implementation in the C++11
standard library. There have also been signiﬁcant improvements to the supporting material including a new website [9],
new quick start guide and tutorials and improvements to the
documentation.
A more detailed report on the sustainability of Merlin++
can be found in [10].

SCATTERING
In [7] we have used data from the beam loss monitoring
(BLM) system taken during LHC run 1 and 2 to validate
Merlin++ for predicting loss maps, and have produced loss
map calculations for the HL-LHC. Merlin++ implements
two versions of the collimation scattering model. The ﬁrst
is based on the K2 [11] model from SixTrack [12], the current leading code for LHC collimation studies. The second
is a new model of proton-nucleon scattering based on the
Donnachie and Landshoﬀ (D-L) description of Pomeron
and Reggeon exchange [13]. Merlin++ also features three
hybrid models, each using K2 in combination with one of
the new versions of elastic, single diﬀractive and ionization
components respectively. These can be used to assess the
relative contributions of the upgrades.
Compared to the K2 model, Merlin++ contains several
improvements. The cross sections for total, elastic and single
diﬀractive proton-proton interactions have been upgraded
from simple ﬁts to the D-L model, ﬁtted to data over a range
of energies applicable to hadron colliders. Modelling of
the ionization energy loss now takes straggling into account.
The implementation of the advanced scattering models is
discussed in detail in [14].
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SIMULATIONS AND MEASUREMENTS OF COHERENT
SYNCHROTRON RADIATION AT THE MAX-IV SHORT PULSE
FACILITY
B. S. Kyle∗1 , R. B. Appleby1 , University of Manchester, Manchester, United Kingdom
P. H. Williams1 , T. H. Pacey1 , ASTeC, STFC Daresbury Lab, United Kingdom
J. Wolfenden1 , University of Liverpool, Liverpool, United Kingdom
E. Mansten, S. Thorin, M. Brandin, MAX-IV, Lund, Sweden
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Abstract
The Coherent Synchrotron Radiation (CSR) interaction
is a source of unwanted correlated energy spread in shortbunch Free-Electron Lasers (FEL), diluting the desired FEL
spectrum and reducing the total brightness of the light source.
Many accelerator codes make use of 1-dimensional approximations in the calculation of the CSR-wake, which breaks
down for bunch dimensions typical within bunch compressor dipoles in FELs. General Particle Tracer [1] simulations of the CSR interaction make use of the 3-dimensional
bunch distribution, making it advantageous in modelling the
short-bunch, high aspect ratio regimes typical of modern
4th -generation light sources. Measurements of THz CSR
emitted from the final bunch compressor dipole of the SP02
beamline at the MAX-IV Short Pulse Facility (SPF) were
used, alongside start-to-end GPT and Elegant [2] simulations, to characterize coherent radiation emission across a
broad range of bunch lengths.

INTRODUCTION

The brightness of 4th -generation light sources is dependent on high peak current electron beams with low energyspread [3, 4]. Conventional bunch compression methods
making use of chicane or dogleg lattice structures can bring
about unwanted correlated energy spread induced by CSR
wake. Numerical methods for estimating the energy redistribution often make use of assumptions regarding the bunch
dimensions, bunch trajectory and dipole field form, limiting
the generality of their application [5–7].
The validity of a CSR calculation making use of the 1dimensional approximation is characterized by the so-called
“Derbenev Criterion” [8, 9],
κ=

σx
 1/3
2
σz ρ

≪ 1,

(1)

where σx and σz are the longitudinal and transverse (inplane) r.m.s beam sizes, and ρ is the bending radius. When
this criterion is satisfied, the transverse projection of a portion of the trajectory, corresponding to a slippage length on
the order of the electron bunch length, is much larger than
the bunch’s transverse extent. Outside of this regime, the full
3-dimensional distribution must be taken into account when
∗
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modelling the coherent interaction and the subsequently
emitted radiation [10].
GPT’s CSR model, csr1d, simulates the interaction directly from the Liènard-Wiechert (L-W) fields [11], taking
into account the transverse bunch distribution, although currently only calculating the resultant longitudinal field. By
employing a sub-bunch method for modelling the electron
distribution, and a history manager to store coordinates for
use in the L-W calculation [12], GPT is able to simulate
the interaction with far fewer assumptions than many currently available codes. Transverse effects are captured by
source points offset from the centre of each sub-bunch [12],
and the because no assumptions are made on the nature of
the magnetic field the interaction in the fringe region of a
magnet can also be modelled. This could potentially aid
towards the design of compression structures in which the
CSR interaction becomes partially self-cancelling [13] in
terms of energy spread and emittance increase.
While the GPT code does not currently support explicit
radiation calculations, such as obtaining spectra or angular
distributions, the total instantaneous power can be calculated
simply from changes to the centroid energy of the bunch.
This total energy loss can then be compared against measurements of emitted radiation power to quantify agreement
between simulation and observation, thus benchmarking the
CSR algorithm.

EXPERIMENT
Measurements of CSR power were carried out alongside
complementary measurements of CTR power. A gold-plated
mirror, positioned 1.678 m downstream from a bunch compressor dipole, was used to generate CTR as well as reflect
CSR emitted from the dipole edge. In order to isolate the
CSR the mirror was partially extracted from the beamline
alongside with a trajectory kick to the beam such that no CTR
was generated, with part of the CSR signal captured. Beam
loss monitor observations were used alongside a downstream
screen to confirm that no CTR was generated.
The electron bunch length characterizes the relevant frequency range for coherent radiation. With final bunch
lengths in the range of ∼ 0.4-0.02 ps (Table 1), the expected
coherent cutoff frequency is between 2.5 and 50 THz. In
order to measure sub-THz, THz and IR wavelengths, a pyroelectric detector (PED) array was used because of it’s broad
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nuSTORM DECAY RING
J.-B. Lagrange∗ , STFC/RAL, UK
J. Pasternak STFC/RAL, UK and Imperial College, UK,
R.B. Appleby, S.C. Tygier, University of Manchester, UK
Abstract
Precise neutrino cross section measurements and search
for sterile neutrinos can be done with neutrino beams produced from muons decaying in a storage ring due to its precisely known flavour content and spectrum. In the proposed
nuSTORM facility pions would be directly injected into a
racetrack storage ring, where circulating muon beam would
be captured. The storage ring has three options: a FODO
solution with large aperture quadrupoles, a racetrack FFA
(Fixed Field Alternating gradient) using the recent developments in FFAs and a hybrid solution of the two previous
options. Machine parameters, linear optics design and beam
dynamics of the hybrid solution are discussed in this paper.

INTRODUCTION
The production of a neutrino beam with a defined spectrum and flux composition using a muon decay is a wellestablished idea. This concept was developed in the International Design Study for the Neutrino Factory (IDS-NF) [1].
The simplest implementation of a neutrino factory was proposed [2] with the neutrinos from STORed Muon beam
(nuSTORM) project. The main goal of nuSTORM is to
precisely study neutrino interactions for electron and muon
neutrinos and their antiparticles, but the facility could also
contribute to sterile neutrino searches, and serve as a proof
of principle for the Neutrino Factory concept.
In nuSTORM high energy pions produced at the target
are first focused with a magnetic horn [3], and directly injected into the ring after passing through a short transfer line
equipped with a chicane to select the charge of the beam.
Once in the ring, decaying pions will form the muon beam.
A fraction of the muon beam with momentum lower than the
injected parent pions will be stored in the ring and a fraction
with similar or larger momentum will be extracted with a
mirror system of the injection at the end of the long straight
section to reduce beam loss, and to avoid activation in the arc.
The intrinsic design challenges of the decay ring arise from
the large range of beam momenta in the ring. There are currently three options under study for the design of the decay
ring. The first one is the FODO solution with large bore conventional quadrupoles with alternating gradients [4] in the
long straight sections and with lattice based on separate function magnets in the arcs. This solution provides excellent
performance with respect to the transverse acceptance, but it
has very limited longitudinal acceptance, resulting directly
from alternating gradient conventional magnet approach.
The second solution is the use of recent developments in
Fixed Field Alternating gradient (FFA) accelerators. In these
∗
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machines, which come in scaling and non-scaling flavours,
large aperture non-linear magnets allow the beam to move
through the aperture at varying momenta, with a constant
betatron tune in the case of a scaling FFA. The advantage
of such a lattice is the large momentum acceptance together
with a possible large transverse acceptance by choosing a
ring tune far from dangerous resonances, thus increasing the
number of stored muons in the ring. The design is realised
by keeping the ring zero-chromatic over the whole momentum range, and choosing the tune point far from harmful
resonances. Furthermore, to maximise the portion of the
ring pointing towards the detector, an FFA racetrack shape is
now possible [5], while keeping the ring zero-chromatic for
a large momentum range, thanks to use of straight scaling
FFAG cells [6]. The constant betatron tune with momentum
provides a strong constraint on the fields in a scaling FFA
cell. In the arcs, the vertical magnetic field Baz in the median
plane produced by the combined-function magnets follows
the circular scaling law [7], while in the straight sections, the
vertical magnetic field Bsz in the median plane produced by
the combined-function magnets follows the straight scaling
law [6]. The beam orbit oscillations through scaling magnets in this type of straight produce a characteristic periodic
beam angle oscillation known as a scallop angle, which ultimately limits the achievable neutrino flux. Since the central
momentum of the injected pion is different from the central
momentum of the circulating beam, the horizontal position
of the reference trajectories for the two of them limits the
captured muons produced from pion decay to the area within
the acceptance of the circulating beam. The third option is a
combination of the FODO and the FFA solution, called the
hybrid option. It features a production straight section with
conventional quadrupoles like in the FODO solution, and
FFA magnets in the rest of the ring, like in the FFA solution.
This paper gives preliminary results about the hybrid option.

HYBRID SOLUTION
Although estimations promise better performances with
the FFA lattice than with the FODO lattice with respect
to the neutrino flux production [8, 9], a lattice combining
the advantages of the FODO and the FFA solutions would
give an optimal performance. A production straight made
of conventional quadrupoles would remove the problem of
the scallop angle, while optimising the muon capture efficiency. The chromaticity of the ring can be greatly reduced
if the rest of the ring is made zero-chromatic like in the FFA
solution. Furthermore, a large beta function is desirable in
the production straight to minimise the momentum angle
for a given emittance, limiting the phase advance of the section, and thus its natural chromaticity. Such a lattice can
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LONGITUDINAL TOMOGRAPHY IN A SCALING FFA
D. J. Kelliher∗ , J.-B. Lagrange, S. Machida, C. R. Prior, C. T. Rogers,
STFC Rutherford Appleton Laboratory, UK
Y. Ishi, Y. Kuriyama, H. Okita, T. Uesugi,
Kyoto University Institute of Integrated Radiation and Nuclear Science† , Japan,
S. L. Sheehy, University of Oxford, Oxford, UK & University of Melbourne, Australia,
C. Brown, Brunel University, UK and STFC Rutherford Appleton Laboratory, UK.
TOMOGRAPHY CODE

Abstract
In a synchrotron the rate of acceleration is limited by the
ramp rate of the bending field. There is no such constraint
in a Fixed Field alternating gradient Accelerator (FFA), allowing a much higher repetition rate and novel modes of
operation such as beam stacking. It is of interest to obtain
a picture of the longitudinal phase space from experimental data in order to diagnose the response of the beam to
various RF programmes. Longitudinal tomography, already
well established in synchrotrons, involves reconstructing the
phase space using bunch monitor data obtained for a sufficient number of turns in a synchrotron oscillation. Here we
reconstruct the longitudinal phase space using data from the
150 MeV scaling FFA at KURNS, Osaka, Japan.

Algorithm
Starting with a set of profile measurements b(ϕ, m), where
m is the turn number, the reconstruction seeks to find the
phase space distribution x(ϕ, δ) such that A[ϕ, δ, m]x = b.
In order to calculate the operator A, test particles in cells covering the height and phase extent of the bucket, are tracked
according to the longitudinal equations of motion (the selffield voltage can be added if desired). In the absence of
space charge, the phase and energy (ϕ, E) of test particle i
at turn m is incremented as follows
!
η0,m ∆Ei,m
(1)
∆ϕi,m+1 = ∆ϕi,m − 2πh
2 E
β0,m
0,m
∆Ei,m+1 = ∆Ei,m + q[Vrf,m+1 (ϕ0,m+1 + ∆ϕi,m+1 )

INTRODUCTION
Bunch monitor data, when measured turn-by-turn, provides projections of the longitudinal distribution f (ϕ, δ),
where δ is the momentum, onto the phase axis ϕ. Longitudinal tomography uses back projection to reconstruct the phase
space, given data from a sufficient number of turns (apart
from the case of an equilibrium distribution [1], at least half
a synchrotron period is required). A well established tomography code developed at CERN for use in synchrotrons [2,3]
employs an algebraic iterative algorithm in conjunction with
tracking to allow for non-rigid synchrotron oscillations. This
code, and others that apply a similar algorithm, have been
widely used [4–7]. However, longitudinal tomography has
not been performed using data from a FFA up to now.
Here we show how the CERN tomography code can be
used in a scaling FFA. In these machines the orbit moves with
momentum to follow the direction of increasing vertical field
but the tunes are held constant by ensuring the normalised
gradient is fixed. To meet this condition, each magnet has
radial profile B = B0 (r/r0 )k where B0 is the vertical field
at reference radius r0 and k is the constant field index [8].
In the radial scaling FFA at least one defocusing (reverse
bend) magnet per cell is added for vertical tune stability.
To maintain a bunched beam throughout acceleration, the
scaling FFA utilises phase stability just like a synchrotron.
∗
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(2)

− Vrf,m+1 (ϕ0,m+1 )]
where h, η, β,Vrf refer to harmonic number, phase slip, the
relativistic quantity and the RF voltage. The zero subscript
refers to the synchronous particle. For each turn, the distribution of test particles is projected into bins along the phase
axis by summing each column of cells. The operator A is
calculated so allowing the back projection of each profile
bin for each turn, resulting in a first pass calculation of the
distribution (see [4] for more details). A discrepancy parameter d is then calculated which quantifies the difference
between the forward projected distribution and the turn-byturn measurements:
v
u
t Õ
M
1
d=
(e j − r j )2
(3)
M j
where e j and r j are the measured and reconstructed contents
of the j-th bin and M is the total number of bins involved in
the reconstruction. The code then repeats the backward and
forward projection steps until the discrepancy converges [2].

FFA Case
In this paper the CERN tomography code is used for the
FFA case. The code assumes a fixed radius r when calculating the revolution frequency ω0,m via
ω0,m =

β0,m c
.
r

(4)

Time is then converted to phase as required by the equations
of motion (Eqns. 1 and 2) . Here a fixed r is assumed by
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PRECISION MODELLING OF ENERGY DEPOSITION IN THE LHC
USING BDSIM
S. D. Walker∗ , A. Abramov, S. T. Boogert,
S. M. Gibson, H. Pikhartova, L. J. Nevay,
John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX
Abstract
A detailed model of the Large Hadron Collider (LHC) has
been built using Beam Delivery Simulation (BDSIM) for
studying beam loss patterns and is presented and discussed in
this paper. BDSIM is a program which builds a Geant4 accelerator model from generic components bridging accelerator
tracking routines and particle physics to seamlessly simulate
the traversal of particles and any subsequent energy deposition in particle accelerators. The LHC model described here
has been further refined with additional features to improve
the accuracy of the model, including specific component
geometries, tunnel geometry, and more. BDSIM has been
extended so that more meaningful comparisons with other
simulations and data can be made. Firstly, BDSIM can now
record losses in the same way that SixTrack does: when a
primary exceeds the limits of the aperture it is recorded as
a loss. Secondly, by placing beam loss monitors (BLMs)
within the BDSIM model and recording the simulated dose
and energy deposition, it can be directly compared with real
BLM data. These results are presented here and compared
with SixTrack and BLM data from a typical fill in 2018.

INTRODUCTION
The Large Hadron Collider (LHC) at CERN is a synchrotron designed to explore the frontiers of particle physics.
This necessitates the highest centre of mass energy for
proton-proton collisions to date at 6.5 TeV, and a design
energy of 7 TeV. This design energy corresponds to a stored
beam energy of 386 MJ per beam [1]. Losing even a fraction
of this stored energy can result in super-conducting magnets
quenching or damage to the machine components. It is therefore of paramount importance to understand beam losses
within the LHC, how they develop, and how to control them.
The LHC collimation system is designed to protect the
machine from these massive stored energies, without which
the inevitable beam losses would quickly lead to magnetic
quenching and machine shutdown. High stored energies
necessitates a complex, multi-stage system of increasing collimator aperture sizes situated in two IRs (betatron cleaning
in IR7, and momentum cleaning in IR3). The main idea is
that the large-amplitude particles should first hit the primary
collimators (TCPs) with the tightest apertures in the cleaning
insertions, followed by the secondary collimators (TCSGs),
and then the absorbers (TCLAs). Supplementing this hierarchy are the tertiary collimators (TCTs), which are situated
upstream of the experimental insertions and are designed to
∗
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protect the super-conducting final focus quadrupoles as well
as minimise machine-induced backgrounds.
The other key component for protecting the machine is
the system of beam loss monitors (BLMs) which are placed
around the ring at key locations, particularly in critical regions where beam loss may result in machine damage. In
the event that the detected beam-loss is found to be larger
than some threshold, a beam-dump is triggered.
The LHC collimation system is typically simulated with
the CERN-developed simulation code SixTrack [2, 3]. SixTrack is a multipurpose 6D thin-lens tracking code with the
capability to study the collimation system. This is achieved
with use of an aperture description interpolated to 10 cm
and the special treatment of primary protons within collimators where they may additionally undergo Monte Carlo
physics processes. SixTrack’s approach to particle losses
consists of two aspects: any primary proton that exceeds the
defined aperture definition is immediately considered lost,
and secondly, any proton that undergoes an inelastic process
in a collimator is also considered lost. In either scenario,
any subsequent traversal of the proton or its products is not
considered. However, a primary may undergo either an elastic or single diffractive event within the collimator and will
be tracked onward through the accelerator.
The simulation of energy deposition in the LHC has typically been with the use of FLUKA [4]. FLUKA is a Monte
Carlo particle physics code which can simulate particlematter interactions all the way from the primary to any subsequent products and the energy deposition.
Beam Delivery Simulation (BDSIM) is a novel particle
accelerator simulation code using ROOT [5], CLHEP [6]
and Geant4 [7] to procedurally generate a full 3D particle
accelerator [8]. From a simple ASCII description, BDSIM
will build a particle accelerator from a set of predefined
generic accelerator components. What sets BDSIM apart is
that it can track both primaries and secondaries, as well as
ensure the correct treatment of particle physics processes,
which is directly as a result of BDSIM’s use of the Monte
Carlo particle physics library Geant4. Therefore BDSIM
bridges the divide between conventional accelerator and
particle physics codes, and therefore should be able to study
beam losses in a more holistic fashion, resulting in a more
detailed account of these processes.
BDSIM is in the process of being benchmarked against
SixTrack and here we present a comparison between the two.
In particular, SixTrack’s unique approach to particle losses
described above have been implemented in BDSIM, thus
enabling a more direct comparison between the two simu-
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ENHANCING EXPERIMENTAL PROSPECTS WITH
LOW ENERGY ANTIPROTONS*
C. P. Welsch†, University of Liverpool/Cockcroft Institute, UK
Abstract
The Extra Low Energy Antiproton ring (ELENA) is a
critical upgrade to the Antiproton Decelerator (AD) at
CERN and saw first beam in 2018. ELENA will significantly enhance the achievable quality of low energy antiproton beams and enable new experiments. To fully exploit
the potential of this new facility, advances are required in
numerical tools that can adequately model beam transport,
life time and interaction, beam diagnostics tools and detectors to fully characterize the beam's properties, as well as
in novel experiments that take advantage of the enhanced
beam quality that ELENA can provide. These research areas are in the heart of the pan-European research and training network AVA (Accelerators Validating Antimatter
physics) which started in 2017. This paper presents research results within AVA on the performance of ultra-thin
diamond membranes, beam tracking and optimization of
the ELENA beam lines, as well as efficient integration and
performance optimization of cryogenic detectors.

INTRODUCTION
The AVA (Accelerators Validating Antimatter physics)
project is an Innovative Training Network (ITN) that has
received 4 Million Euro of funding within the H2020 Marie Skłodowska Curie Actions [1]. The project enables an
interdisciplinary and cross-sector program on antimatter
R&D . The network includes most of the European expertise in antimatter research and joins 4 universities, 8 national and international research centers and 13 partners
from industry and government. Within AVA, partners carry
out research across three scientific work packages.
Fifteen early stage researchers have been recruited to established scientific teams. They are based at institutions
across Europe. A structured combination of local and network-wide training is offered to them. This includes handson training at state of-the-art accelerator facilities, as well
as an international training program consisting of schools,
topical workshops and conferences that is open to all AVA
Fellows, as well as the wider scientific community. In the
center of several project has been ELENA, a small storage
ring designed to decelerate the 5.3 MeV antiprotons from
the AD even further. The ring was commissioned in 2018
to improve the conditions for antimatter experiments dramatically. Amongst others, it will reduce antiproton energies to below 0.1 MeV which will help enhance antiproton
trapping efficiency by 10 and 100 times. On the long term,
a potential Facility for Low energy Antiproton and Ion Research (FLAIR) [2] might provide additional research opportunities.
___________________________________________

This project has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie SkłodowskaCurie grant agreement No 721559.
#
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RESEARCH
To fully exploit the potential of ELENA and FLAIR, the
AVA partners carry out a closely connected R&D program
in the following three work packages:
 Facility Design and Optimization, addressing beam
lifetime and stability in storage rings, as well as beam
cooling, deceleration and extraction;
 Design, development and testing of novel Beam Diagnostics to fully determine the characteristics of low
energy antiproton and ion beams;
 Design of novel low energy Antimatter Experiments to explore fundamental symmetries and interactions.
The research within AVA has already led to a number of
high impact physics results: This includes the measurement
of ultralow heating rates of a single antiproton in a cryogenic Penning trap [3], the production of long-lived 2 3S
positronium via 3 3P laser excitation in magnetic and electric fields [4], and the measurement of sympathetic cooling
of protons and antiprotons with a common endcap Penning
trap [5]. The following sections summarize the directly accelerator-related research results from selected projects.

Diamond Membranes for Low Energy Beams
There are several ways of detecting particles, including
gaseous and solid-state detectors. For solid state detectors
one uses semiconducting materials, usually either silicon,
germanium or diamond. Silicon and germanium detectors
have traditionally been widely used, but lately diamond detectors have gained some popularity [6]. Their advantages
are radiation hardness, lower leakage current, low thermic
noise, fast response and they also require no cooling. The
aim of this project at CIVIDEC is to produce and characterize ultra-thin diamond detectors and use them for particle detection, in particular for antiproton measurements.
During his project, AVA Fellow Miha Cerv has so far:
 Developed different VHDL implementations for real
time signal analysis, particle identification, spectroscopy, rate monitoring and phase measurements;
 Tested and calibrated diamond detectors in laboratory
experiments;
 Carried out measurements with antiprotons in the
GRACE beam line at CERN.
Initial measurements gave interesting results: Waveforms showed a first flash of particles - a result of antiprotons annihilating in the beam pipe and on the electrons –
which was followed by signals caused by single particles
identified as low energy antiprotons. Most of these signals
were recorded in full, but a small number of them contained huge pulses that completely saturated the detector.
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HIGH-GRADIENT SINGLE CYCLE TERAHERTZ ACCELERATING
STRUCTURES*
Sergey Kuzikov†, Sergey Antipov, Edgar Gomez, Euclid Techlabs LLC, Bolingbrook, IL, USA
Alexander Vikharev, Institute of Applied Physics of Russian Academy of Sciences, Nizhny Novgorod, Russia
Abstract
Recently, gradients on the order of 1 GV/m level have
been obtained in a form of single cycle (~1 ps) THz pulses
produced by conversion of a high peak power laser radiation in nonlinear crystals (~1 mJ, 1 ps, up to 3% conversion
efficiency). These pulses however are broadband (0.1-5
THz) and therefore a new accelerating structure type is required. For electron beam acceleration with such pulses we
propose arrays of parabolic focusing micro-mirrors with
common central. These novel structures could be produced
by a femtosecond laser ablation system developed at Euclid Techlabs. This technology had already been tested for
production of several millimetres long, multi-cell structure.

SINGLE CYCLE THZ GATED RF GUN
A permanent problem for any RF gun photoinjector is to
obtain high brightness, low-emittance, low energy spread
beam. One of appealing solution is to use a so-called THz
ultrafast field emission gating. High peak cathode field is
necessary to achieve a high brightness (low emittance)
beam to be accelerated to relativistic energies before spacecharge effects spoil the bunch. High-field single cycle THz
pulses are now produced by means of laser light rectification in a nonlinear crystal [1]. Such pulses can provide ~1
GV/m pre-acceleration of sub picosecond bunches in RF
gun’s resonator (Fig. 1).

Figure 2: E-field distributions at the parabolic mirror while
focusing the short THz pulse, for the time correspondent to
beginning of focusing at t=15 ps (left), for time when focusing is close to maximum at t=30 ps (center), and in maximum of focusing (right) at t=35 ps.
Table 1: Anticipated Parameters of the Targeted THz-gated Injector.

Parameters
Cathode field, GV/m
Bunch length, ps
Cathode radius, mm
Bunch charge, pC
th, mmmrad
sc, mmmrad
RF, mmmrad
B

Value
8
0.13
810-3
25
910-4
0.13
710-3
2.21016

In order to obtain the highest emission fields the THz
pulse is focused to the smallest possible size at the cathode
by means of a parabolic mirror (Fig. 2). Such scheme is
well suitable for the use in a conventional RF gun. The parabolic mirror allows efficient focusing of the broadband
THz pulse. The anticipated parameters of the THz injector
are summarized in the Table 1.

BROAD BAND THZ ACCELERATING
STRUCTURES
Figure 1: RF gun wherein electron emission is controlled
by a picosecond THz pulse irradiating a metallic cathode.
The 1 GV/m field strength of the THz pulse, combined
with the RF gun accelerating field of ~100 MV/m, results
in the emission of a short current pulse from the cathode.
Compared to a standard photocathode, the beam brightness
is increased due to the high additional accelerating field
provided by the THz pulse. The proposed injection scheme
does not require a UV laser, high emission charge (up to 1
nC) is produced due to field emission at high THz fields
for sub-picosecond bunch lengths.
____________________________________________

* This work was supported by the Russian Science Foundation under
Grant 19-42-04133 in the part of CST simulations for THz structures.
† s.kuzikov@euclidtechlabs.com
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In [2-6] a new accelerating structure design was proposed which introduces a set of waveguides with different
adjusted lengths. In this concept acceleration of a charged
particle occurs inside of the parabolic mirror that focuses
the broadband, short THz pulse. To provide a long range
acceleration a stack of such paraboloids is employed with
timing delay between them for synchronization with
charged particle. Such delay can be produced by geometrical path difference for THz pulse or dielectric delay line.

Concept of Delay Waveguides
According to this concept, accelerating structure design
requires empty waveguides with different adjusted lengths,
in which the synchronism of accelerated particles with
MOPRB067
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GENERATION OF HIGH POWER SHORT RF PULSES USING AN
X-BAND METALLIC POWER EXTRACTOR DRIVEN BY HIGH CHARGE
MULTI-BUNCH TRAIN
M. Peng1,2,∗ , J. Shao1,† , C. Jing1,3 , E. Wisniewski1 , G. Ha1 , J. Seok1 , M. Conde2 ,
W. Liu1 , J. Power1 , S. Doran1 , C. Whiteford1 , J. Shi2 , H. Zha2 , and H. Chen2
1 Argonne National Laboratory, Lemont, IL, USA
2 Tsinghua University, Beijing, People’s Republic of China
3 Euclid Techlabs LLC, Bolingbrook, IL, USA
Abstract
Short pulse two-beam acceleration (TBA) is a structure
wakeield acceleration (SWFA) approach aiming to achieve
gradient above 250 MV/m using rf pulses less than 20 ns.
An X-band 11.7 GHz metallic power extractor has been developed as the power source to test accelerating structures
in this extreme regime. The power extractor is designed
to be driven by high charge bunches separated by 769.2 ps
(9 times the X-band period) on an L-band 1.3 GHz beamline. In the recent experiment, ∼280 MW rf pulses with 3 ns
lat-top have been measured by a coaxial rf pickup when
driven by 8-bunch trains with a total charge of ∼500 nC.
The power level is ∼50% lower than the theoretical prediction and simulation. Experimental investigation suggests
that the missing power was mainly caused by the multipacting issue inside the rf pickup, which could be eliminated by
a newly-designed directional coupler.

by bunches separated by 769.2 ps on L-band beamline. Recently, a tunable X-band 11.7 GHz metallic power extractor
has been developed [14], aiming to generate over 500 MW
rf power with 8-bunch trains and 60 nC/bunch (maximum
charge limited by rf breakdowns inside the photocathode rf
gun).

COLD TEST
The layout of the X-band metallic power extractor is illustrated in Fig. 1. The 2�/3-mode structure consists of
36 normal cells, 2 matching cells, and 2 dual-feed couplers.
Detailed design parameters can be found in Ref. [14].

INTRODUCTION

Figure 1: Layout of the X-band metallic power extractor.

RF breakdown is one of the main limitations to achieve
high gradient in normal conducting accelerating structures [1]. Despite solid progress in understanding the
complicated breakdown phenomenon and much efort to
solve the issue, the state-of-the-art gradient when driven
by rf pulses of hundreds of nanosecond long is limited to
120 MV/m in multi-cell structures [2], 150-200 MV/m in
single-cell ones [3], and 250 MV/m in single-cell cryogenic
ones [4]. As suggested by the exponential dependence of rf
breakdown rate on pulse length [5], a promising approach to
achieve gradient above 250 MV/m is to drive structures with
rf pulses shorter than 20 ns. Such short rf pulses are typically out of the scope of klystrons, even with pulse compressors [6], but align well with the wakeield approach. Currently, a short pulse TBA program is under development at
the Argonne Wakeield Accelerator (AWA) facility where
various types of structures are under investigation [7–12].
Several power extractors have been tested at AWA and
successfully applied to two-beam acceleration [9, 13], staging acceleration [9], and THz generation [7]. These structures are designed to operate at harmonics of 1.3 GHz so
as to obtain coherent wakeield superposition when driven

The on-axis ield distribution and the S-parameters of the
structure after tuning are illustrated in Fig. 2 and Fig. 3,
respectively. The synchronization frequency at which the
phase velocity equals to the speed of light is 11.72 GHz.
The drive bunches therefore need to be launched every
359.4∘ instead of every 360∘ in the 1.3 GHz cycle to
compensate the slight frequency ofset from 11.7 GHz so
as to achieve coherent wakeield superposition. The S21
at 11.72 GHz is -0.9 dB with a -3 dB bandwidth above
500 MHz.

∗
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EXPERIMENT SETUP
The 248 nm UV input laser is split into a pulse train by
a multi-splitter stage. The pulse separation is nominally set
to be 769.2 ps and can be adjusted by the delay stages. A detailed description of the laser setup can be found in Ref. [12].
In experiment, the drive bunches were generated by the
laser pulses from a high quantum eiciency Cs2Te cathode in an L-band rf gun and accelerated to ∼65 MeV by six
L-band standing-wave linacs. Solenoids and quadrupoles
along the beamline were used to transmit the beam through
the X-band metallic power extractor. Two integrating current transformers (ICTs) before and after the structure were
used to measure the charge and the transmission. Two rf
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eRHIC IN ELECTRON-ION OPERATION∗
W. Fischer† , V. Ptitsyn, E.C. Aschenauer, E. Beebe, M. Blaskiewicz, K. Brown, D. Bruno,
A. Drees, C.J. Gardner, H. Huang, T. Kanesue, C. Liu, M. Mapes, G. McIntyre, M. Minty,
C. Montag, S. Nayak, M. Okamura, D. Raparia, J. Sandberg, K. Smith, P. Thieberger, N. Tsoupas,
J. Tuozzolo, F. Willeke, A. Zaltsman, and A. Zelenski
Brookhaven National Laboratory, Upton, NY 11973, USA
Abstract
As for electron-proton collisions, the EIC science also
requires electron-ion collisions over the widest possible energy range at the highest luminosities. Therefore the eRHIC
design also provides for electron-nucleon peak luminosities
of up to 4.7 × 1033 cm−2 s−1 with strong hadron cooling,
and up to 1.7 × 1033 cm−2 s−1 with stochastic cooling. Here
we discuss the performance issues and design choices for
electron-ion collisions that are different from the electronproton collisions and from the present RHIC ion-ion collisions. These include the ion bunch preparation in the injector chain, acceleration and intrabeam scattering in the
hadron ring, path length adjustment with the electron ring,
stochastic cooling upgrades, machine protection upgrades,
and operation with polarized electron beams colliding with
either unpolarized ion beams or polarized He-3.

INTRODUCTION
eRHIC [1] is a proposed Electron-Ion Collider based on
RHIC [2] with requirements [3]: (i) highly polarized (∼70%)
electron and light ion beams; (ii) ion beams from deuteron
to the heaviest nuclei (uranium or lead); (iii) variable center of mass energies from ∼20 to ∼100 GeV, upgradable to
∼140 GeV; (iv) high luminosity of ∼1033−34 cm−2 s−1 , and
(v) the possibility of having more than one interaction region.
We report on (ii), (iii) and (iv) for e-A collisions. Table 1
shows the main beam parameters for e-Au operation for the
energy with the highest luminosity, for the cases with strong
hadron cooling and stochastic cooling. The polarization aspects of collider operation with polarized He-3 are covered
in detail elsewhere [4–6].

ION OPERATION ITEMS
Ion sources and injectors. The ion sources used for RHIC,
are based on a Laser ION source (LION) [7] feeding into an
Electron Beam Ion Source (EBIS) [8]. They are extremely
flexible and can provide all ions at the required intensities
and emittances for eRHIC. Ion beams prepared for RHIC
ranged from d to U and were accelerated in the Booster, AGS
and RHIC already. The EBIS pre-injector is being upgraded
to an Extended EBIS (previously referred to as Tandem
EBIS [9]), which provides a longer trap length resulting in up
to 40% more intensity, a cell in which He-3 can be polarized
in the strong magnetic field of the EBIS solenoid [10], and
∗
†
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Table 1: Beam parameters for e-Au operation at the energy with the highest luminosity, for the cases with strong
hadron cooling and stochastic cooling. The full crossing
angle is 25 mrad. Numbers separated by a "/" are for horizontal/vertical. The quoted IBS emittance growth times are
for the case without cooling.
strong
Species
Energy [GeV]

Au
110

stochastic
hadron cooling
Au
e
e
10
110
10

Bunch intensity [1010 ]
0.05
15.1
No. of bunches
1160
Beam current [A]
0.57
2.2
RMS norm. emit. [µm]
5.0/0.36
391/20
RMS emittance, [nm]
42/3
20/1
β ∗ [cm]
90/4
193/12
IP RMS beam size [µm]
195/11.1
RMS ∆θ [µrad]
217/276
102/92
BB parameter/ [10−3 ]
3/2
43/48
Long. bunch area [eV·s]
0.3
RMS bunch length [cm]
7
1.9
RMS ∆p/p [10−4 ]
6.2
5.5
Max. space charge
0.008
negl.
Piwinski angle [rad]
4.5
1.1
Long. IBS time [h]
0.36
Transv. IBS time [h]
0.89
Hourglass and crab
0.85
e-N peak lumi. [1033 cm−2 s−1 ]
4.2

0.1

580

30

0.57
2.2
2.0/2.0 391/102
17/17
20/5.2
90/14.8
75/48
123/50
137/338
163/104
11/4
64/100
1.2
18
1.9
10
5.5
0.001
negl.
18.2
1.5
2.65
0.8
0.54
1.9

another cell in which the polarized He-3 and other gases can
be ionized. The absolute He-3 polarization will be measured
before injection into the Booster [11].
Injection into RHIC and bunch splitting. Presently the
accelerating RF system (28 MHz) operates with harmonic
h = 360, and up to 111 bunches are injected leaving an
abort gap of 1 µs. With eRHIC the main harmonic number
is changed to h = 315 and up to 290 bunches are injected reducing the bunch spacing to approximately 1/3. The bunches
are then accelerated, split either once into 580 bunches (using a 56 MHz cavity) or twice into 1160 bunches (using
another 112 MHz cavity) and compressed with a storage
RF system (using 225 and 563 MHz cavities) [1]. This is
the same as for protons. For ions the effective voltage is
reduced by a factor A/Z (= 2.5 for Au) compared to protons
and the bunch√length for the same longitudinal emittance is
4
increased by 2.5 = 1.26. The injectors have demonstrated
the required intensities and emittances taking into account
the bunch intensity reduction from the splitting.

MC1: Circular and Linear Colliders
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USING AN ENERGY SCAN TO DETERMINE THE TUNES AND ORBIT IN
THE FIRST FFA GIRDER OF CBETA
C. Gulliford, N. Banerjee, A. Bartnik, J. Crittenden, P. Quigley
Cornell University, Ithaca, NY, USA
J. S. Berg, Brookhaven National Lab, Upton, New York, USA,
Abstract
This work reports the results of performing a scan of
the beam energy during the CBETA Fractional Arc Test
(FAT) [1, 2]. The CBETA machine is a multi-pass SRF ERL
featuring a non-scaling FFA return loop. The FFA arc consists of identical doublets that are designed to have an energy
acceptance from 42 to 150 MeV, with a betatron phase advance (i.e., tune) per cell and periodic orbit position that
depends on energy. In the CBETA fractional arc test, we
transported beam through 4 such cells (the first girder), with
energies as high as 59 MeV. By creating betatron oscillations in the arc, we compute the phase advance per cell and
periodic orbit position as a function of energy within that
range.

ymn

INTRODUCTION
The Cornell-BNL Energy recovery linac Test Accelerator (CBETA) [3], a 4-pass, 150 MeV ERL utilizing a Nonscaling Fixed Field Alternating-gradient (NS-FFA) permanent magnet return loop [4], is currently under design and
construction at Cornell University through the joint collaboration of Brookhaven National Lab (BNL) and the Cornell
Laboratory for Accelerator based Sciences and Education
(CLASSE). The spring of 2018 saw the first major commissioning period for CBETA. Known as the Fractional Arc
Test (FAT), this experiment bought together for the first time
elements of all of the critical subsystems required for the
CBETA project: the injector [5, 6], the Main Linac Cryomodule (MLC) [7, 8], the low energy (S1) splitter line
which includes several new electromagnets, a path length
adjustment mechanism, and a new BPM system, as well as
a first prototype production permanent magnet girder [9]
featuring 4 cells of the FFA return loop with its own corresponding vacuum system and BPM design. A schematic of
the FAT layout is shown in Fig. 1.

MEASUREMENTS
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s(1,2)
x,y are the scale factors of the kick, scanned from −2 to +2
in unit steps with only one of the four being nonzero. A(1,2)
x,y,n
are the unit amplitudes of the two kicks used in each transverse plane at each energy; if our model is perfect they will
(1,2)
be 1 mm. Bx,y,n
is the amplitude of the betatron oscillation
with no additional kicks; if the orbit found by hand were the
periodic orbit, these would be zero. Cx,y,m are the (energy
independent) BPM offsets. Dn is the (energy dependent)
horizontal periodic orbit position; the vertical periodic orbit
is known to be zero, so this term only appears in the horizontal function. ϕ(1,2)
x,y,n are phase offsets of each betatron
oscillation; ϕ(1)
and
ϕ(2)
x,y
x,y will differ by π/2 if out model is
perfect. Finally νx,y,n are the tunes per cell of the periodic
orbit at energy En . The initial guess for A(1,2)
x,y,n coefficients

Injector

For energies ranging from 38 MeV to 59 MeV the beam
was kicked using two linear combinations of the last two S1
splitter dipoles and the last two vertical correctors. These
linear combinations were chosen to correspond to a betatron
oscillation with a maximum amplitude at the FFA BPMs
of 1 mm. The two linear combinations were chosen to give
betatron oscillations that were 90◦ apart in betatron phase.
Each linear combination was multiplied by a factor which
was scanned from -2 to 2 in unit steps. Only one setting
vector was scanned at a time. For each setting, the beam
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position on the four FFA BPMs were recorded. This procedure was automated and tested with the online CBETA
Virtual Machine before use. While taking the final measured
data, the BPM readings were sampled 10 times at 5 Hz, and
the average value and standard deviation saved for offline
analysis. A single second pause was used between magnet
set-points to allow the beam to stabilize.
Our measurements at the mth BPM and the nth energy
were fit in the least squares sense to the following functions:




(1)
(1)
xmn = s · A(1)
x,n + Bx,n cos 2πm · νx,n + ϕ x,n




(2)
(2)
+ s · A(2)
x,n + Bx,n cos 2πm · νx,n + ϕ x,n

Injector
Cryomodule (ICM)
Main Linac (MLC)
Merger

S1 Splitter Line

Diagnostics

Fractional Arc (FA)

10 m
CBETA Fractional Arc Test Layout

Figure 1: Schematic of the CBETA machine highlighting
the components installed for Fractional Arc Test.
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RADIATION LIMITS ON PERMANENT MAGNETS IN CBETA
V. Kostroun, C. Gulliford
Cornell University, Ithaca, NY, USA
Abstract
The Cornell Brookhaven Energy Recovery Linac Test
Accelerator (CBETA) [1], under construction at Cornell,
uses Fixed Field Alternating Gradient (FFAG) Halbach magnets made from grade N35EH NdFeB. To reduce the 1%
level magnetization errors in fabricated blocks to magnets
with better than 0.001 field accuracy, iron wire shimming
is necessary. This also limits magnetization changes by external influences to the 1% level. The ambient radiation
field present during CBETA operation can induce permanent magnet demagnetization. The radiation field arises
from electrons in the beam halo hitting the vacuum chamber,
electrons colliding with the residual gas and Touschek (intrabeam) scattering. The radiation dose rate due to electrons
striking the vacuum chamber of a 4 cell straight section of
CBETA FFAG magnets was calculated using the many particle Monte Carlo radiation code MCNP6.2 [2]. Calculations
show that electron losses have to be a few tens of pA per
magnet in order to keep the dose rates at an acceptable level
during the accelerator lifetime.

INTRODUCTION
The Cornell Brookhaven Energy Recovery Linac Test
Accelerator (CBETA) [1], under construction at Cornell,
uses Fixed Field Alternating Gradient (FFAG) Halbach permanent magnets (PMs) made from grade N35EH NdFeB.
CBETA consists of two FFAG arcs, each containing 16 cells,
two arc to straight section transitions with 24 cells each, and
two straight sections, one with 14, and the other with 13
cells. A cell consists of a doublet, containing a focusing
quadrupole (QF magnet) and a combined function magnet
with a dipole and de-focusing quadrupole component (BD
magnet). Altogether there are 214 Halbach magnets.

Figure 1: CBETA focusing quadrupole QF magnet and
MCNP6 geometry.
It is well known that radiation affects permanent magnet
material. (For a recent review of radiation-induced demagnetization of permanent magnets see [3].) The ambient radi-
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Figure 2: CBETA combined function BD magnet with a
dipole and defocusing quadrupole component. For simplicity, the different PM blocks were approximated by smooth
curves.

ation field present during CBETA operation can therefore
induce permanent magnet demagnetization. This radiation
field arises from electrons in the beam halo hitting the vacuum chamber wall, from electrons colliding with residual
gas and Touschek (intra-beam) scattering. The locations
along the ring where one would expect the greatest losses
are not known at this time. Accordingly, the radiation dose
rate due to electrons striking the vacuum chamber wall of a
4 cell straight section in the center of QF and BD magnets
at 10◦ were calculated at 42 and 150 MeV using the many
particle Monte Carlo radiation code MCNP6.2.

MCNP6 INPUT GEOMETRY
The input geometry for the QF and BD type magnets is
shown in Figures 1 and 2. Figure 3 shows a photo of a
straight section 4 cell girder and its MCNP6 geometry. In
the calculations, electrons hit magnets BD2 and QF3.

Figure 3: A 4 cell girder, made up of magnets QF and BD
and its MCNP6 geometry representation.

RESULTS
MCNP6.2 has a number of tallies that can be used to calculate the radiation dose. There is the track-length heating
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CBETA BEAM COMMISSIONING RESULTS
C. Gulliford, N. Banerjee, A. Bartnik, I. Bazarov, J. Crittenden, K. Deitrick, A. Galdi,
G. Hoffstaetter, P. Quigley, K. Smolenski
Cornell University, Ithaca, NY, USA
J. S. Berg, S. Brooks, R. Michnoff, D. Trbojevic,
Brookhaven National Laboratory, Upton, NY, USA
Abstract
We report on the first results of commissioning CBETA
with a fully closed return loop. We repeat much of our early
commissioning from the fractional arc test [1, 2] , namely
setting up the injection system, calibrating the main linac,
and steering beam through the first splitter line. Most importantly, first results from sending the beam all the way through
the Fixed Field Alternating gradient permanent magnet return arc are described.

turn SRF based ERL utilizing a compact FFA return loop
with large energy acceptance (a factor of roughly 3.6 in energy), and thus demonstrate one possible cost-reduction technology under consideration for the eRHIC design. Moreover,
successful completion of the CBETA project requires the
study and measurement of many critical phenomena relevant
to both the EIC and ERL communities. Examples include the
Beam-Breakup (BBU) instability, halo-development and collimation, as well as Coherent Synchrotron Radiation (CSR)
microbunching and energy spread growth [6].

INTRODUCTION
The construction of a high energy, high luminosity, polarized Electron-Ion Collider (EIC) remains one of the highest
priorities for the nuclear physics and accelerator communities and continues to drive research and development of
many state-of-the-art accelerator technologies [3]. In the
case of the potential eRHIC design(s), the use of Fixed Field
Alternating-gradient (FFA) recirculating loop(s) [4, 5] may
provide significant cost reduction by shortening the length of
the linac, as well as minimizing the number of recirculating
loops required.
Figure 2: Photo of the straight section of the permanent
magent FFA return loop.

Injector (6 MeV)
Merger

Splitters

Diagnostic Line

Main Linac (+36 MeV)

Dump

Splitters

Figure 1: Layout of the CBETA machine.
As part of this development effort, the Cornell-BNL Energy recovery linac Test Accelerator (CBETA) [6], a 4pass, 150 MeV ERL utilizing a Non-scaling Fixed Field
Alternating-gradient (NS-FFA) permanent magnet return
loop, is currently under design and construction at Cornell
University through the joint collaboration of Brookhaven National Lab (BNL) and the Cornell Laboratory for Accelerator
based Sciences and Education (CLASSE). Building on the
significant advancements in high-brightness photoelectron
sources and SRF technology developed at Cornell [7–9], as
well as the FFA magnet and lattice design expertise from
BNL [10, 11], CBETA will establish operation of a multi-
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The final full 4-turn ER CBETA layout is shown in Fig. 1.
This spring, installation of the lowest energy splitter line after
the linac and permanent magnet FFA loop was completed,
allowing the beam to be passed nearly all the way back to
the linac. Figure 2 shows a top down view of the straight
section of the FFA loop (bottom of Fig. 1). In parallel to
construction, beam commissioning began in March. To
date, this has included initial tune up of the injector for
5 pC bunches, as well as recommissioning of the main linac,
yielding a desired energy gain of 36 MeV.

FIRST BEAM AROUND THE FFA
RETURN LOOP
Tuesday May 7, 2019 saw the first attempt at threading the
beam through the FFA permanent magnet return loop. This
was achieved by finding the beam on the first few BPMs at the
beginning of the arc. Subsequent steering of the orbit near
the design position in the first section of the FFA (roughly
-15 mm) caused the beam to thread through the arc very
quickly, passing about 3/4 of the way through. Steering the
orbit vertically finally passed the beam to the gate valve at
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RESULTS FROM THE CBETA FRACTIONAL ARC TEST
C. Gulliford, N. Banerjee, A. Bartnik, J. Crittenden, P. Quigley
Cornell University, Ithaca, NY, USA
J. S. Berg,
BNL, Upton, Long Island, New York, USA,
Abstract
This work reports on results of experiments performed
during the CBETA Fractional Arc Test (FAT) [1]. These
include the recommissioning of the Cornell photoinjector,
the first full energy operation of the main linac with beam,
as well as commissioning of the lowest energy matching
beamline (splitter) and a partial section of the Fixed Field
Alternating gradient (FFA) return loop featuring first production Halbach style permanent magnets. Achieving these
tasks required characterization of the injection beam, calibration and phasing of the main linac cavities, demonstration
of the required 36 MeV energy gain, and measurement of
the splitter line horizontal dispersion and R56 at the nominal
42 MeV. In addition, a procedure for measuring the tune per
cell in the periodic FFA section via scanning the linac energy
and inducing betatron oscillations around the periodic orbit
in the fractional arc was developed and tested.

INTRODUCTION
The Cornell-BNL Energy recovery linac Test Accelerator (CBETA) [2], a 4-pass, 150 MeV ERL utilizing a Nonscaling Fixed Field Alternating-gradient (NS-FFA) permanent magnet return loop [3, 4], is currently under design and
construction at Cornell University through the joint collaboration of Brookhaven National Lab (BNL) and the Cornell
Laboratory for Accelerator based Sciences and Education
(CLASSE). The spring of 2018 saw the first major commissioning period for CBETA. Known as the Fractional Arc
Test (FAT), this experiment bought together for the first time
elements of all of the critical subsystems required for the
CBETA project: the injector [5, 6], the Main Linac Cryomodule (MLC) [7, 8], the low energy (S1) splitter line
which includes several new electromagnets, a path length
adjustment mechanism, and a new BPM system, as well as
a first prototype production permanent magnet girder featuring 4 cells of the FFA return loop with its own corresponding
vacuum system and BPM design [9].

MEASUREMENTS

to the corresponding beam sizes and emittances computed
using GPT.
After setting up the injector, the beam was then passed
through the main linac, where the cavities required calibration. This was accomplished by measuring the time of flight
of the beam after passes through a single cavity (all other
voltages zeroed). The change in phase at a BPM downstream
BPM takes the form:


∫
1
1
ω bpm
dz
∆φ =
−
,
(1)
c cav
β(Vc , φb ) β(Vc , φb = 0)
Inversion of Eq. (1) in the least squares sense provides a
simple way of determining the cavity energy gain calibration
Vc , as well as the initial beam energy entering the cavity E0
(if not known) from the measured BPM phase change ∆φ for
each cavity. Scanning the cavity phase φb (the on-crest phase
is found by including it as another fit parameter) provides
significant measured BPM phase change ∆φ, particularly
when decelerating the beam. Using this method, each main
linac cavity was calibrated by first setting the voltage to a
fixed value of roughly 2-4 MeV, and then slowly changing
the cavity phase from 0-360o . An example set of data for the
first main linac cavity is shown in Fig. 4. In the figure, the
trend for the best fit energy calibration is shown, along with
energy gains 5% higher and lower, to give a sense of the
measurement sensitivity. From the random error in the BPM
phases, we estimate an error of approximately 0.4% for the
final cavity calibrations. Assuming this represents the most
significant source of error, this implies an√overall error in
the total main linac energy gain of roughly 6 · 0.4% ≈ 1%
for any given machine setting.
After setting up the injector and main linac correctly, detailed measurements of the single particle dynamics through
the rest of the experimental set-up were performed. The first
of these was Measurement of the orbit response matrix provides as this provides a basic verification of various magnet

Injector

Injector
Cryomodule (ICM)
Main Linac (MLC)
Merger

Figure 1 highlights the portions of the CBETA machine
installed and used during the FAT. The first goal of the fractional arc test was tune up of the injector for a 6 pC commissioning bunch charge. We note that while the design Twiss
values are specified at the end of the main linac, their only
direct measurement is located in the EMS in the diagnostic
line, which is equivalent to a measurement at the entrance to
the first main linac cavity. Figure 2 and 3 display the measured beam sizes and emittances in the injector compared
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S1 Splitter Line

Diagnostics

Fractional Arc (FA)

10 m

CBETA Fractional Arc Test Layout

Figure 1: Schematic of the CBETA machine highlighting
the components installed for Fractional Arc Test.
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BEAM-BASED MEASUREMENTS OF THE CBETA MAIN LINAC CAVITY
ALIGNMENT
C. Gulliford, N. Banerjee, A. Bartnik, J. Crittenden, P. Quigley,
Cornell University, Ithaca, NY, USA
J. S. Berg,
BNL, Upton, New York, USA,
Abstract
This work presents the results of beam based measurements of the individual cavity oﬀsets and tilts taken during
the CBETA Fractional Arc Test. This was achieved using a
pair of corrector magnets to scan the beam position on the
BPM just upstream of the linac while keeping the beam’s angle constant. With one cavity turned on at a time (all others
oﬀ), the cavity phased was scanned 360 deg and the resulting
position changed recorded on a downstream BPM just after
the linac. Fourier analysis of the linear dynamics through
the cavity, as well as the transfer matrix elements available
from particle tracking, was then used to compute the cavity
oﬀset and tilt. This procedure was performed for each of the
six main linac cavities, and resulting in a weighted average
cavity oﬀset of roughly 4.0 mm.

INTRODUCTION
The Cornell-BNL Energy recovery linac Test Accelerator (CBETA) [1], a 4-pass, 150 MeV ERL utilizing a Nonscaling Fixed Field Alternating-gradient (NS-FFA) permanent magnet return loop [2], is currently under design and
construction at Cornell University through the joint collaboration of Brookhaven National Lab (BNL) and the Cornell
Laboratory for Accelerator based Sciences and Education
(CLASSE). The spring of 2018 saw the ﬁrst major commissioning period for CBETA. Known as the Fractional Arc
Test (FAT), this experiment bought together for the ﬁrst time
elements of all of the critical subsystems required for the
CBETA project: the injector [3,4], the Main Linac Cryomodule (MLC), the low energy (S1) splitter line which includes
several new electromagnets, a path length adjustment mechanism, and a new BPM system, as well as a ﬁrst prototype
production permanent magnet girder featuring 4 cells of the
FFA return loop with its own corresponding vacuum system
and BPM design (Fig. 1).

MEASUREMENTS AND ANALYSIS
As the beam was ﬁrst being sent through the l Initial attempts at steering the beam through the center of the main
linac cavities indicated an oﬀset of the MLC with respect
the BPMs on either side of the linac. In particular, manual alignment of the beam in the ﬁrst cavity suggested a
vertical oﬀset of roughly 5 mm. Consequently, more detailed measurements were performed to better quantify these
observations. These measurements proceeded as follows:
each cavity was turned on individually (all other cavities
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turned oﬀ). In each transverse direction a pair of corrector
magnets was used to scan the beam position on the BPM
just upstream of the MLC while keeping the beam’s angle
constant. For each incoming beam position in this scan, the
phase of the cavity was then scanned from 0o to 360o in
steps of 30o , and the transverse positions on the downstream
BPM (ID1BPC10) measured. If the beam enters the cavity
oﬀ axis, then the cavity focusing delivers a phase dependent
kick, resulting in a peridic beam displacement on the downstream BPM. The variance of the downstream positions on
the BPM each direction gives was used to estimate the cavity
oﬀset, allowing for a rough centering of each position scan.
Horizontal scans were performed ﬁrst, in order to minimize
any horizontal beam oﬀset going into the cavity, after which
vertical scan data was taken for each cavity. The voltage of
the cavities was increased from 500 kV on the ﬁrst cavity
(RD1CAV06) and increased by 100 kV for each subsequent
cavity.
Figure 2 shows the vertical position on the downstream
BPM as a function of the vertical upstream BPM position for
the various values of the ﬁrst cavity (RD1CAV06) phase and
a cavity voltage of 500 kV. The data clearly imply a linear
relationship between BPM readings.
In this case, the linear transport of the beam centroid
trajectory u = (y, y , 1)T through each cavity can be written
as
u f = D(L2 )RoutT(φ)D(L1 )Rin ui ≡ Mui ,

(1)

where D(L) is the standard form for a drift transfer matrix
and L1 and L2 are the drift lengths between the upstream
BPM and cavity and cavity and downstream BPM respectively, T(φ) is the cavity transform matrix, and Rout and Rin
transform the centroid position and angle into and out of the

Injector

Injector
Cryomodule (ICM)
Main Linac (MLC)
Merger
S1 Splitter Line

Diagnostics

Fractional Arc (FA)

10 m

CBETA Fractional Arc Test Layout

Figure 1: Schematic of the CBETA machine highlighting
the components installed for Fractional Arc Test.
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TRANSIENT BEAM LOADING AND MITIGATION IN JLEIC COLLIDER
RINGS*
J. Guo#, R. A. Rimmer, H. Wang, S. Wang, JLAB, Newport News, VA, USA
T. Mastoridis, CalPoly, San Luis Obispo, CA, USA
J. Fox, Stanford University, Stanford, CA, USA
Abstract
The Jefferson Lab Electron-Ion Collider (JLEIC) is an
asymmetric high luminosity ring-ring collider proposed as
the next major R&D facility for the nuclear physics community. Both of JLEIC’s electron and ion collider rings
have high beam current with gaps serving the purposes of
beam abort, ion clearing, etc. Such a time-varying beam
loading in the RF cavities would generate modulation in
cavity RF phase/voltage, causing cyclic shift of collision
point and potential luminosity loss. We studied a few approaches to mitigate the RF phase modulation and IP shift,
such as correcting the RF phase/voltage modulation with
traditional LLRF feedback, one-turn feedback (OTFB), or
RF feedforward (FF); optimizing the bunch fill pattern to
limit the RF phase/voltage modulation to a small fraction
of the bunch trains in the collider ring; or matching the RF
phase modulation in the two rings. The preliminary results
are discussed in this paper.

INTRODUCTION
JLEIC is a high luminosity electron-ion collider. After a
few rounds of design iteration, currently JLEIC is designed
for 3-12 GeV electrons and 20-200 GeV protons (or other
ions of the same maximum magnetic rigidity), with the
possibility to upgrade to higher energy. The luminosity optimization strategies of JLEIC require beams with high
bunch repetition rate, short bunch length, low emittance,
and high current in both rings [1]. JLEIC’s beam current is
up to 0.75 A for proton and 3.6 A for electron, but varies
with different beam energy and ion species.
In the current design, the JLEIC electron ring will reuse
the PEP-II RF system retuned to approximately 476.3 MHz
with single cell normal conducting cavities of ~0.8 MV
maximum voltage, and the ion ring will use a newly designed 952.6 MHz superconducting RF (SRF) system with
24 two-cell cavities of 2.4 MV maximum voltage. The
short bunch length in JLEIC requires high bunching RF
voltages and strong reactive beam loading, with 57.6 MV
nominal voltage in the ion ring, while the RF voltage in the
electron ring ranges from a few MV to 30MV, depending
on beam energy.
Both JLEIC’s collider rings require beam current gaps
for beam abort and other purposes. Currently the ion ring
has two gaps of 267 ns each, determined by the minimum
abort kicker rise time and JLEIC’s ion bunch formation
process with binary splitting [2]. The electron ring gap
___________________________________________

*Authored by Jefferson Science Associates, LLC under U.S. DOE Contract No. DE-AC05-06OR23177, with additional support from U.S.
DOE Award Number DE-SC-0019287
#
jguo@jlab.org
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length was initially chosen to match the ion ring gap. The
missing reactive beam loading in those gaps will cause
strong phase modulation in the two rings. In case of synchrotron phase ϕs=0, optimum detuning and constant klystron drive, the maximum RF phase modulation can be calculated as [3]:
ο߮ ൎ

ఠబ ூ್ ఛೌ ோ


ொ

(1)

where Ib is the DC beam current, and τgap is the time length
of the gap. JLEIC’s two rings are asymmetric and usually
would have different phase modulation response, resulting
in cyclic longitudinal shift of the interaction point (IP).
With the small β* in JLEIC, this IP shift could cause significant luminosity loss if not corrected. Figure 1 shows
different phase modulation in JLEIC’s two rings for the
case of 10 GeV electron (Ib≈ 0.7 A, Vcucosϕs≈ 0.6 MV),
and 100 GeV ions (Ib=0.75 A, Vc=2.4 MV). These cavity
parameters were also used for the quantitative results (simulation and analytical) shown in the next section, unless
specifically mentioned. For the cases with lower electron
energy (higher beam current, lower cavity voltage) and
possibly lower ion ring beam current (i.e. heavy ions), the
two rings’ RF phase mismatch will be more significant.

Figure 1: RF phase modulation in JLEIC bunching cavities caused by transient beam loading.

CORRECTING THE RF PHASE MODULATION IN JLEIC
There are a few approaches to mitigate the IP shift
caused by transient beam loading. The phase modulation
can be corrected by the “traditional” LLRF feedback,
OTFB, or feedforward; or we can use an adaptive algorithm to match the RF phase modulation in the two rings
and mitigate the IP shift. The LLRF model for JLEIC with
all these schemes is shown in Fig. 2. We simulated these
schemes with JLEIC beam parameters of 10 GeV 0.7 A
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ELECTRON BEAM’S CLOSED ORBIT IN THE CRAB CROSSING
SCHEME OF FUTURE ELECTRON-ION COLLIDERS∗
Yue Hao† , MSU, East Lansing, Michigan
Vadim Ptitsyn, BNL, Upton, New York
Ji Qiang, LBNL, Berkeley, California
Abstract
In crab-crossing collision geometry, the closed orbit of the
electron beam will be altered by the beam-beam interaction
and the tilted head and tail of the ion beam. We will present
the linear model to determine the closed orbit and compare
it with the simulation. Also, strong-strong simulation of the
beam-beam effect is calculated to confirm that the change
of the closed orbit due to crab crossing does not directly
contribute to the luminosity degradation that observed in
earlier studies.

INTRODUCTION
In the present design of Electron-Ion Colliders (EIC), the
crab crossing scheme is adopted to achieve higher luminosity. The crab cavity is used to provide a linear kick to both
colliding beams to compensate the geometric luminosity
loss due to the crossing angle. However, the RF cavity always provides a sinusoidal kick to the beam. The beam
only receives an approximately linear kick when its bunch
length is much smaller than the RF wavelength. In EIC, the
longer ion bunch will likely suffer the nonlinear kick. In the
Lorentz boosted frame, the transverse offset as a function of
the location away from its reference particle z:
θc
sin(k c z) − θ c z
(1)
kc
When the ion beam’s bunch length is comparable to the
crab cavity wavelength, the ion beam is tiled as shown in
Figure 1 of [1] and observe luminosity degradation which
may cause by the synchro-betatron resonance due to beambeam interaction. Meanwhile, the closed orbit of the electron
beam will be modified slightly by the tilted ion beam. In
this paper, we will calculate the closed orbit of the electron
beam in the crab crossing scheme of EIC and compare it
with the strong-strong simulation. Also, we can control the
closed orbit by introducing additional kick to the beam and
study the pure effect of the closed orbit on the luminosity
degradation.
∆x (z) ∼

where x̄i represents the centroid of ion and beam. zi is the
coordinate of ions measured from the bunch center, which
collides with the reference particle at s = zi /2, ρi is ion
beam distribution. At the presence of the imperfect crab
kick, the centroid deviation of the ion beam x̄i,cc is ∆x(z),
as illustrated in Equation 1. Since the beam-beam parameter
of the electron beam is small (≤ 0.1), the relation x̄i,cc ≫ xe
is expected.
We can estimate the closed orbit of the reference particle
of the electron beam using the kick-drift model by slicing the
ion beam into longitudinal slices. For each slice of the ion
beam, we calculate the dipole kick and the focusing effect of
the beam-beam force using the Bassetti and Erskine formula:

√
i2 πNs re
∆x = −ℜ q
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where w (z) = exp −z2 erfc (−iz) is the complex error function, σx and σy are the transverse beam sizes and Ns is the
number of ions within this slice. As the ion slice has offset x̄i,cc ≫ xe , we can use Taylor expansion to expand the
beam-beam kick at the vicinity of the reference axis (x = 0,
y = 0):
 d∆x ′

− x̄i,cc , 0 xe
∆x ′(xe − x̄i,cc , 0) = ∆x ′ − x̄i,cc , 0 +
dx
(4)
We adopt the 3 × 3 matrix method to calculate the closed
orbit by multiplying the linearized beam-beam interaction
matrix of each ion slice
Mbb = Ms,k · Ms,k−1 · · · · Ms,2 · Ms,1

ELECTRON’S CLOSED ORBIT

(3)
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(5)

Let’s first consider the reference particle in the electron
beam, the motion with beam-beam interaction can be written
as:

here k is the total slice number. and the interaction matrix
with i th slice reads:

xe′′ (s) + k e xe (s) = fbb (xe (s) , x̄i (zi , s) , ρi )

Ms,i = M−d,i · Mbb,i · Md,i

∗
†

(2)
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(6)

where Md,i is the drift matrix from IP to the i th slice; M−d,i
is the drift matrix from the i th slice back to IP and Mbb,i is
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SCALING PROPERTIES OF THE SYNCHRO-BETA RESONANCE IN
CRAB CROSSING SCHEME OF FUTURE ELECTRON ION COLLIDER∗
Yue Hao† , MSU, East Lansing, Michigan, USA
Yun Luo, Vadim Ptitsyn, BNL, Upton, Long Island, New York, USA
Ji Qiang, LBNL, Berkeley, California , USA
Abstract
The synchro - beta resonance due to the beam-beam interaction was predicted by the strong-strong simulation in
the future electron-ion collider designs. In this paper, we
study the scaling properties of the degradation rate of this
unwanted resonance. These studies motivated the possible
countermeasures of the luminosity degradation associated
with the resonance.

INTRODUCTION
Previous studies have revealed that the crab-crossing
scheme may cause luminosity degradation in the future
electron-ion collider (EIC), which results from the long
bunch length compared with the wavelength of the crab
cavity [1]. Later studies suspect that degradation is caused
by synchro-beta resonance [2]. However, the detail dynamics and mitigation methods are yet to be studied. As the ﬁrst
step. we will explore the scaling behavior of the luminosity
degradation with respect to the crossing angle, beam-beam
parameter, as well as the number of macro-particles in simulation.
In all simulation studies below, we use the eRHIC parameters listed in Table 1 as default parameters except for
the parameter that to be scaled. The simulation studies use
strong-strong beam-beam code BeamBeam3D [3].

Figure 1: Luminosity degradation with diﬀerent crossing
angle.

Table 1: Related Parameters of eRHIC Ring-Ring Scheme
Ion

Crossing angle (mrad)
Crab cavity frequency (MHz)
Beam size (mm) at IP, horizontal
Transverse tune, horizontal
βx∗ (m)
Longitudinal bunch length (cm)
Synchrotron tune
Piwinsky angle (rad)
Beam-Beam parameter, horizontal

electron
22
337.8
0.123
0.123
0.31
0.08
0.94
0.62
7
0.43
0.01
0.069
6.3
0.4
0.014
0.093

SCALING WITH CROSSING ANGLE
In Ref [2], we learned that luminosity degradation is not
observed in the head-on collision, and the degradation rate
is largely improved when a lower frequency crab cavity is
adopted. In this section, we will explore the relation of
∗
†
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Figure 2: Luminosity degradation with diﬀerent crossing
angle.

luminosity degradation as function of the crossing angle.
We use θ c to denote the half crossing angle. The voltage
of the crab cavity is set to linearly cancel the geometric
luminosity loss due to the crossing angle.
Figure 1 shows that the luminosity degradation is more
severe with a larger crossing angle. Also, there is a clear
saturation trend when the half crossing angle is above 10
mrad. This is an encouraging result for the EIC designs since
all current EIC has adopted high crossing angle. However,
the reason for this saturation in the degradation rate is still
unclear.
We understand that the source of the degradation is the ion
beam transverse deviation due to the crab cavity. The deviation should be compared with the beam size at IP. Therefore,
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Abstract
The brand new non-magnetized bunched beam electron
cooler (LEReC) has been built to provide luminosity improvement for the Beam Energy Scan II (BES-II) physics
program at the Relativistic Heavy Ion Collider (RHIC).
The LEReC accelerator includes a photocathode DC gun,
a laser system, a photocathode delivery system, magnets,
beam diagnostics, an SRF booster cavity, and a set of Normal Conducting RF cavities to provide sufficient flexibility
to tune the beam in the longitudinal phase space. This highcurrent high-power accelerator was successfully commissioned in the period of March -September 2018. Beam
quality suitable for cooling has been achieved which led to
the first demonstration of bunched beam electron cooling
of hadron beams in April 2019. In this paper we discuss
achieved results and experience learned during commissioning.

INTRODUCTION
A new, state of the art, electron accelerator for cooling
low energy RHIC hadron beams (LEReC) was built and is
being commissioned at BNL. The purpose of LEReC is to
provide luminosity improvement for the RHIC operation at

low energies to search for the QCD critical point (Beam
Energy Scan Phase-II physics program) [1-2].
Unlike all electron coolers to date, LEReC uses bunched
electron beams accelerated to the required energies using
RF cavities [3]. To achieve efficient cooling, the electron
beam must not only be optimized for low transverse emittance but, more importantly, for low energy spread.
The LEReC accelerator includes a photocathode DC gun
with a high power laser system, magnets, beam diagnostics, an SRF booster cavity, and a set of normal conducting
RF cavities to provide sufficient flexibility to tune the
beam in the longitudinal phase space.
LEReC uses a DC photocathode gun similar to the one
used at the Cornell University [4]. The gun itself was built
by the Cornell University. The gun tests with beam started
in 2017 when it operated up to 10 mA average current [5].
Electron beams are generated by illuminating a multi-alkali
(CsK2Sb or NaK2Sb) photocathode [6] with green light
(532 nm) from a high-power fiber laser [7] by utilizing sophisticated laser transport and stabilization [8].
To optimize operational time and minimize the cathode
exchange time three multi-cathode carriers were built.
Each cathode carrier, which can hold up to 12 pucks of
photocathodes, is attached to the gun in a 10-11 Torr-scale
vacuum (for details of design see [9]).

Figure 1: Layout of the LEReC accelerator. The red contour box indicates DC gun test area.
The layout of LEReC is shown in Fig. 1. The
350-400 keV electron beam from the gun is transported via
___________________________________________
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a 704 MHz SRF booster cavity and a 2.1 GHz 3rd harmonic linearizer normal conductive cavity. Electron beams
can be accelerated to maximum kinetic energy of 2.6 MeV.
The electron bunch is ballistically stretched to the required
bunch length in the transport line. The accumulated energy
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PROPOSAL FOR A HIGH TRANSFORMER RATIO CW
DIELECTRIC ACCELERATOR
Vladimir N. Litvinenko1, Manoel Conde3, Chunguang Jing4, Yichao Jing2, Alexei Kanareykin4,
Igor Pinayev2, John Gorham Power3, Navid Vafaei-Najafabadi1, Gang Wang2
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Abstract
Advanced CW accelerators are one of high priority directions identified by Advanced Accelerator Concepts Research Roadmap Workshop Report. High transformer ratio
of beam-driven accelerators is critically important for costeffective FEL systems. We present a proposed experiment
for demonstrating a high transformer ratio CW dielectric
accelerator using operational SRF accelerator built for Coherent electron Cooling experiment. This accelerator operates with CW electron beam comprised of 78 kHz train of
electron bunches. Electron bunches with controllable longitudinal and charge up to 10 nC per bunch are generated
in 1.25 MV SRF photo-electron gun. This bunches are ballistically compressed to duration of 10-to-30 psec and accelerated to 15 MeV in SRF linac. Such bunches would be
excellent drivers of high-transformer ratio DWA accelerators. In this paper we present expected performance of proposed CW DWA accelerator.

INTRODUCTION
Beam-driven wakefield accelerators are promising candidates for TeV class high energy colliders and compact
FELs [1-5]. Very high acceleration gradients (GV/m level)
have been achieved in all wakefield acceleration schemes
[6-8]. Beam driven plasma wakefield acceleration
(PWFA), laser-drive plasma wakefield acceleration
(LWFA) and beam-driven structure wakefield acceleration
(SWFA, including metallic, dielectric, or hybrid) are all
currently considered as promising technologies for a future
LC.
Plasma based schemes produce extremely high gradients, however, this technology cannot reliably be applied
for positron acceleration that meet the LC requirements [79]. In recent years, a hollow channel plasma has been investigated as a method for accelerating positrons. Nevertheless, it suffers technical challenges like forming an ion
free vacuum channel for positron passage and also sacrifices high gradients [10,11].
The DWA is capable of > 100 MV/m level gradient in
the THz regime and is capable of both electron and positron acceleration. In a DWA structure, an intense drive
bunch traverses the evacuated central region of the tube,
creating Cherenkov wakefields in the dielectric that propagate outwards at the Cherenkov angle. The Cherenkov
fields are then reflected by the dielectric boundary back towards the center axis where a witness bunch arrives and is

MC3: Novel Particle Sources and Acceleration Techniques
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accelerated [12]. The DWA approach resolves the high gradient THz source problem by using radiated fields from
short drive bunches [12].
The DWA structure has already been demonstrated to
sustain high gradients in experiments done at FFTB [13]
and FACET [14]. However, these early experiments were
operated at low repetition rate (1~10Hz) whereas the LC
requires repetition rates on the order of 10 kHz [11] and
enormous power. One way to handle the high-power requirements is to move the operating frequency into the THz
range. Scaling up wakefield structures to the THz frequency range (200-900 GHz) allows significant increases
in the accelerating gradient >> 100 MV/m level [13]. At
the same time, thermal management and pulse heating for
the structures becomes a serious and critical issue. We will
address the temperature rise of the dielectric bulk structure
and metal surfaces of the copper cladding of the THz structures. We plan to optimize the THz structure design for
high accelerating gradients (>100 MV/m) and high repetition rates (>10 kHz) as required for LC applications and
future wakefield accelerator based FELs [14] so as to take
into account thermal management at high repetition rates.
The proposed experiment also aims to demonstrate high
transformer ratio CW dielectric accelerator using the operational SRF accelerator built for Coherent electron Cooling
(CeC) experiment [14-16]. This accelerator operates in a
CW mode with 78 kHz rep-rate if the election bunches.
Electron bunches with controllable longitudinal duration
and charge up to 10 nC per bunch are generated by a 1.25
MV 113 MHz SRF photocathode gun. These bunches are
ballistically compressed to a duration of 10-to-30 psec and
accelerated to 15 MeV in a subsequent 703 MHz 5-cell
SRF linac. Such bunches would be excellent drivers of
high-transformer ratio dielectric based wakefield accelerators. The SRF gun’s photocathode laser is equipped with a
programmable system allowing the pulse shaping required
for high transformer ratio operations. Using this system
and ballistic bunch compression we will generate triangularly shaped electron drive bunches. This shape will be
confirmed using off-crest operation of the linac, a bending
magnet spectrometer and a horizontal profiling screen.
This system, which already has demonstrated sub-psec resolution, will allow us to adjust and verify the shape of 10to-30 psec bunches experimentally
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I. Lobach† , The University of Chicago, Chicago, Illinois
K. J. Kim1 , ANL, Argonne, Illinois, T. Shaftan, BNL, Upton, Long Island, New York
V. Lebedev, S. Nagaitsev1 , A. Romanov, G. Stancari, A. Valishev, Fermilab, Batavia, Illinois
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Abstract
We study turn-by-turn fluctuations in the number of emitted photons in an undulator, installed in the IOTA electron
storage ring at Fermilab with an InGaAs PIN photodiode
and an integrating circuit. Our study was motivated by the
previous experiment [1]. We propose a theoretical model
for the experimental data from [1] and in our own experiment we attempted to verify the model in an independent
and more systematic way. Moreover, these fluctuations are
an interesting subject for a study by itself, since they act as
a seed for SASE in FELs. We improve the precision of the
measurements from [1] by subtracting the average signal amplitude using a comb filter with a one-turn IOTA delay, and
by using a special algorithm for noise subtraction. We obtain
a reasonable agreement between our theoretical model and
experiment. Along with repeating the experiment from [1],
which was performed at a constant beam current, we also
collect data for fluctuations in undulator light at different
beam current values. Lastly, in our experiment we were able
to see the transition from Poisson statistics to Super-Poisson
statistics for undulator light, whereas in [1] only the latter
statistics was observed.

INTRODUCTION
Reference [1] reports on the results of experimental studies of statistical properties of undulator and bending-magnet
light in an electron storage ring at BNL. A silicon PIN photodiode combined with an amplifier and an integrator were
used to obtain a signal (the number of photoelectrons ne ) proportional to the number of emitted photons per turn. Then,
the average amplitude of this signal (n̄e ) was varied by a
set of neutral density (ND) filters, and the dependence of
var(ne ) on n̄e was studied. Experimental data from this experiment are plotted in Fig. 1. In this plot, the noise of
the apparatus (shown by the red line) was subtracted. The
authors concluded that for the bending-magnet radiation
var(ne ) ∝ n̄e , and for the undulator radiation var(ne ) ∝ n̄e2 .
However, only a qualitative explanation of the results was
provided in [1]. Here, we present a theoretical model for
the effect, that can predict the fluctuations very precisely,
∗
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and then we repeat the BNL experiment in IOTA [2] with
several major improvements in the setup.

Figure 1: Experimental data from [1] and our model’s predictions (solid lines), log-log plot.

THEORETICAL MODEL
It was shown in [3,4] that any classical current produces a
radiation with Poisson statistics. Since a bunch of electrons
in a bending magnet or in an undulator constitute a classical
current (negligible electron recoil), one may argue that turnby-turn statistics for both of these kinds of radiation in a
storage ring is Poissonian, i.e., var(nγ ) = n̄γ , where nγ is
a number of emitted photons. However, it is not correct,
because every turn relative positions of the electrons in the
bunch change and hence, every turn, it is a new classical
current. That is, every turn the electrons interfere differently,
producing different amounts of emitted power. These effects
result in the following equation for variance of the number
of emitted photons (nγ )
var(nγ ) = n̄γ + αn̄γ2,

(1)

where α depends on the kind of radiation (undulator,
bending-magnet, etc.) and the bunch parameters. Although
the Poisson contribution in Eq. (1) is related to the quantum
nature of emitted light, the interference contribution (the
second term) is purely classical [5]. The expression for α
takes the form α = ∆/n̄γ2 , with n̄γ = Ne ñγ and
√ ∫
π
k 4 dkdΩ1 dΩ2 ×
∆ = Ne (Ne − 1)
σz
I(k n1 )I(k n2 )e−k

2 σ 2 (θ −θ )2 −k 2 σ 2 (θ −θ )2
2x
2y
x 1x
y 1y

,

(2)
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EXPERIMENTAL STUDY OF A SINGLE ELECTRON IN A STORAGE
RING VIA UNDULATOR RADIATION
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A. Arodzero, A. Murokh, M. Ruelas, RadiaBeam Technologies, Santa Monica, USA
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Abstract
A single electron orbiting around a ring and emitting single quanta at the rate of about one event per hundred turns
could produce a wealth of information about physical processes in large traps (i.e. storage rings) for charged particles.
It should be noted that Paul and Penning traps in the 1980s
led to the Nobel prize for studying state and motion of single quantum particles, and just recently the Penning trap
technique has enabled the measurement of a single proton
magnetic moment with an unprecedented precision of 10
decimal places. The information from the storage ring traps
could also be used for characterization of a quantum system
as well as the "trap" itself, i.e. measuring properties of the
storage ring lattice and electron interaction with the laser
fields. Although, the interest in single electron quantum processes today is mostly academic in nature, the diagnostics
and methodology developed for single electron radiation
studies could find subsequent applications in a variety of applied disciplines in quantum technology, including quantum
communications and quantum computing.

INTRODUCTION
Recently, Fermilab has commissioned a 40-m long electron/proton storage ring, IOTA [1], for accelerator and beam
physics experiments (see Fig. 1). Electrons can be stored at
energies of 100-150 MeV and the IOTA ring can be used to
trap and store a single electron to study its emission properties [2]. Figure 2 shows one of the photo-multiplier’s photon
counting rates from an IOTA dipole magnet. In addition,
a K ≈ 1 undulator with a 55-mm period and Nu = 10 was
installed and commissioned in the IOTA ring.

Figure 2: A measured photo-multiplier signal from a synchrotron radiation monitor after the bend magnet. One can
clearly see finite jumps in the average proton count rate level
as the number of trapped electrons becomes small, until a
single electron is left in the IOTA storage ring.
In this paper we will describe experiments with a single
electron and interacting with an undulator field.

SINGLE ELECTRON EXPERIMENTS
The initial experiment planned is to measure the twophoton emission events properties within a coherent angle, as
a single electron passes through an undulator. The coherent
angle θC , is defined as a maximum angle at which the offaxis red shift does not exceed the Fourier-limited linewidth
1/Nu of the on-axis undulator radiation at the fundamental
wavelength, λr (460 nm in our case),
1
θC =
γ

Figure 1: The IOTA storage ring at Fermilab.
∗
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s

1 + K 2 /2
,
Nu

(1)

where K is the dimensionless undulator parameter and γ is
the usual Lorentz relativistic factor.
It is well known from a semi-classical theory of the undulator radiation that at the fundamental wavelength, and
when K is not much larger than unity, the probability of
a photon radiated by a single electron within the coherent
angle in a single pass through the undulator is given by,
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SIMULATION CHALLENGES FOR eRHIC BEAM-BEAM STUDY∗
Yun Luo, F. Willeke, BNL, Upton, New York, Yue Hao, FRIB, East Lansing, MI, USA
Ji Qiang, LBNL, Berkeley, California, Yves Roblin, He Zhang, JLab, Newport News, VA, USA
Abstract

Table 1: Machine and Beam Parameters for eRHIC Design

The 2015 Nuclear Science Advisory Committee Long
Rang Plan identiﬁed the need for an electron-ion collider
(EIC) facility as a gluon microscope with capabilities beyond those of any existing accelerator complex. To reach the
required high energy, high luminosity, and high polarization,
the eRHIC design, based on the existing heavy ion and polarized proton collider RHIC adopts a very small β-function
at the interaction points, a high collision repetition rate, and
a novel hadron cooling scheme. A full crossing angle of 25
mrad and crab cavities for both electron and proton rings
are required. In this article, we will present the high priority
R&D items related to the beam-beam interaction studies for
the current eRHIC design, the simulation challenges, and
our plans and methods to address them.

Parameter
Circumference
Energy
Bunch Intensity
Working point
synchro. tune
∗
βx,y
rms emittance
Bunch length
Energy spread
Crossing angle

unit
proton ring
electron ring
m
3833.8451
GeV
275
10
1011
1.05
3.0
- (29.31, 30.305) (51.08, 48.06)
0.01
0.069
cm
(90,5.9)
(63, 10.4)
nm
(13.9,8.5)
(20,4.9)
cm
7
1.9
6.6
5.5
10−4
mrad
25

2.5

protons
electrons

2
1.5
1

INTRODUCTION

To avoid long-range collisions, a crossing-angle collision
scheme is adopted. For the present design, the proton and
electron beams collide with a total horizontal crossing angle
of 25 mrad. To compensate the luminosity loss by the crossing angle collision, crab cavities are to be used to tilt the
proton and electron bunches such that they collide head-on
at the IP. Table 1 shows key beam-beam interaction related
parameters of the eRHIC design [1].
To compensate the geometric luminosity loss due to the
crossing angle, crab cavities are to be installed to tilt the
proton and electron bunches by 12.5 mrad in the x − z plane
at IPs so that the two beams collide head-on. The crab
cavities provide a horizontal deﬂecting force to the particles
in a bunch. Ideally, the deﬂecting electric ﬁeld should be
proportional to the longitudinal position of particles. For
the local crabbing scheme, the horizontal betatron phase
advances between the crab cavities and IP are π/2.
∗
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x [m]

For the present eRHIC design, the maximum beam-beam
parameters for the electron and proton beams are ξe = 0.1
and ξ p = 0.015, respectively. The choice of the beam-beam
parameter of ξe = 0.1 for the electron beam is based on the
successful operational experience of KEKB, where it was
achieved with a transverse radiation damping time of 4000
turns. The choice of the beam-beam parameter for the proton
ring is based on the successful operational experience of
RHIC polarized proton runs, where a beam-beam parameter
of ξ p = 0.015 was routinely achieved.

0.5
0
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-2.5
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0
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Figure 1: Electron and proton bunch proﬁles in the head-on
frame.

SIMULATION CHALLENGES
Dynamics Study and Numerical Simulation of
Crabbing Collision with Crab Cavities
For collision with a crossing angle and crab cavities, when
the bunch length is comparable with the wavelength of the
crab cavity, the sinusoidal form of the crab-cavity voltage
may lead to the transverse deviation of particles at the bunch
head and tail as the function of the longitudinal position of
the particles. As an example, Figure 1 shows the proton and
electron bunch proﬁles at IP in the x − z plane in the head-on
collision frame.
With weak-strong simulation, the calculated relative luminosity degradation rate in a 2 million turn tracking with
10,000 macro-protons is about 10−10 / turn with the eRHIC
design parameters. However, with strong-strong beam-beam
simulation, the change rates of the proton beam sizes and
luminosity degradation are at 10−8 − 10−7 / turn. The discrepancy between these two simulation methods may be
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COMBINED STRONG-STRONG AND WEAK-STRONG BEAM-BEAM
SIMULATIONS FOR CRABBED COLLISION IN eRHIC∗
Y. Luo† , G. Bassi, M. Blaskiewicz, W. Fischer, C. Montag, V. Ptitsyn, V. Smalyuk,
F. Willeke, BNL, Upton, New York, U.S.A., Yue Hao, FRIB, East Lansing, MI, U.S.A.
J. Qiang, LBNL, Berkeley, CA, U.S.A., K. Ohmi, KEK, Tsukuba, Japan
Abstract

Table 1: Bema-Beam Related Parameters Used in the Study

In the eRHIC design, crab cavities are adopted to compensate the geometric luminosity loss from the crossing angle.
In previous simulations, we observed a much larger luminosity degradation rate from strong-strong beam-beam simulation than that from weak-strong simulation. The discrepancy
may come from the numerical noises in the strong-strong
simulation and/or from the synchro-betatron resonance introduced by crabbed collision. In this article, we combine
strong-strong and weak-strong treatments to study the possible sources for proton beam size growth and luminosity
degradation.

INTRODUCTION

In the present eRHIC design, collision with a full crossing
angle of 25 mrad is adopted. To compensate the geometric
luminosity loss due to the crossing angle, crab cavities are
to be installed to tilt the proton and electron bunches by
12.5 mrad in the x-z plane at the interaction point (IP) so
that the two beams collide head-on in the head-on collision
frame.
Ideally, the deﬂecting electric ﬁeld of crab cavities should
be proportional to the longitudinal position of particles.
However, when the proton bunch length is comparable with
the wavelength of the crab cavities, the sinusoidal form of
the crab-cavity voltage may generate transverse position
oﬀsets in the x-z plane especially for protons in the bunch
head and tail. This may drive incoherent or even coherent
synchro-betatron resonances.
In the early weak-strong simulation, with the current eRHIC design parameters, the calculated relative luminosity
degradation rate is about 10−10 / turn in a 2 million turn tracking with 10,000 macro-particles. However, in the strongstrong beam-beam simulation, the calculated change rates of
the proton beam sizes and luminosity degradation are about
10−8 − 10−7 / turn, which is about 2 orders of magnitude
larger than that from weak-strong simulation. The discrepancy between these two simulation methods may be caused
by the known numerical noises in the strong-strong beambeam simulation or a possible coherent synchro-betatron
resonance between the proton and electron beams [1, 2].
In this article, we ﬁrst analyze the turn-by-turn tracking
data from strong-strong simulation. Then we perform weakstrong simulation with the electron bunch information extracted from strong-strong beam-beam simulation. The cen∗
†
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Parameter
Energy
Bunch Intensity
Working point
synchro. tune
(βx∗ , βy∗ )
beam sizes at IP
Bunch length
Energy spread

unit proton ring
electron ring
GeV
275
10
1011
1.11
3.05
- (31.31, 32.305) (34.08, 31.06)
0.01
0.069
cm
(94, 4.2)
(62, 7.3)
um
(123,16)
cm
7
0.43
10−4
6.5
4.7

ter of rigid electron bunch can be ﬁxed or relaxed in the weakstrong simulations. The goal of this study to determine the
eﬀects of incoherent and coherent beam-beam interaction
between the two beams.

STRONG-STRONG SIMULATION
In this study, we adopt the eRHIC design parameter version 2.1, where the electron bunch is 0.43 cm and the proton
bunch length is 7 cm. Table 1 shows the beam-beam related
parameters. Since the electron bunch length is much shorter
than the proton bunch length, in the strong-strong simulation we only slice the proton bunch longitudinally into 11
slices and do not slice the electron bunch [3]. At the IP, the
electron bunch will interact with those 11 proton slices one
by one in a time order. Both the proton and electron bunches
are represented by 500,000 macro-particles.
The transverse radiation damping time for the electron
beam is 4000 turns. In about two damping periods, the
electron beam sizes reached a so-called equilibrium. We
observe ’slow’ growths in the proton beam sizes and luminosity degradation in 20,00 turns. There is no fast coherent
motion or fast instability with a growth time shorter than
1,000 or 10,000 turns.
Figure 1 shows the particle distributions of the proton and
electron bunches at IP after 20,000 turns. Clearly the protons
in the bunch head and tail are horizontally oﬀset away from
the x = 0 axis. This is due to the limit wavelength of proton crab cavities. In the simulation, we use 338 MHz crab
cavities for the protons. A lower crab cavity frequency will
improve this situation but the cavity size will be bigger and
the voltage will be higher. The ﬁnal choice of the frequency
is not made yet.
Figure 2 shows the turn-by-turn centriod positions of the
proton bunch. Figure 3 shows the turn-by-turn and averaged
centroid positions of the electron bunch. The horizontal axis
is the longitudinal positions of the 11 beam-beam encoun-
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SYMPLECTIC AND EXACT TRACKING OF LOW ENERGY 197 Au78+
IONS IN THE RELATIVISTIC HEAVY ION COLLIDER∗
Y. Luo† , W. Fischer, F. Méot, G. Robert-Demolaize,
Brookhaven National Laboratory, Upton, NY 11973, USA
Abstract
In the RHIC low energy run, the electron cooling technique is to be used to cool the 197Au79+ ions at energies
between 3.85 GeV/nucleon to 5.75 GeV/nucleon. To overlap
the electrons and the 197Au79+ ions in the cooling section
for the best cooling eﬃciency, a monitor is to be installed
downstream to detect the maximum ﬂux of 197Au78+ ions
which are generated in the cooling section. In the previous
studies, we tracked 197Au78+ ions through the RHIC lattice
deﬁned with 197Au79+ ions with an equivalent momentum
deviation 1/78. In the article, we explore diﬀerent symplectic and exact ways to track 197Au78+ ions. We implemented
these approaches, compared the tracking results, and they
agreed very well.

INTRODUCTION
Normally a storage ring accelerator is designed to store a
kind of particular charged particle with a particular particle
energy. However, under some circumstances, same charged
particles but with diﬀerent energies, or isotope particles with
diﬀerent charges, or new particles with diﬀerent energies
and charges are generated in the ring. For example, when
the stored particles hit on the collimation system, secondary
particles will be generated. To track these particles in the
storage ring and to calculate their loss maps are sometimes
critical for the machine protection and other purposes.
In the RHIC low energy run [1], electron cooling technique is to be used to cool 197Au79+ ions. The electrons
will travel with the 197Au79+ ions with a same velocity
in the cooling section. The maximum cooling rate can be
achieved when the electrons and the ions are perfectly overlapped in the cooling section. To monitor and optimize their
overlapping, a monitor is to be installed downstream the cooling section to detect and maximize the ﬂux of 197Au78+
ions, which are the by-product of the interaction between
the electrons and 197Au79+ ions in the cooling section.
197Au78+ ions have the same energy as the 197Au79+
ions but with diﬀerent charge state. To determine the
best location to install the 197Au78+ monitor, we need to
track the 197Au78+ ions exactly. Previously we tracked
197Au78+ ions approximately by tracking 197Au79+ ions
with a larger dp/p0 = 1/78, considering the magnetic forces
on 197Au78+ ions are weaker than that on 197Au79+ ions.
In the following, we explore new methods to track
197Au78+ ions exactly with the lattice deﬁned with
197Au79+ ions. We will ﬁrst review the particle motion’s
∗
†
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Hamiltonian in a circular accelerator storage ring. Then we
explore three approaches to track 197Au78+ ions exactly.
We implement these approaches in a simulation code and
compare the tracking results.

HAMILTONIAN
In the planar curvilinear coordinate system, the Hamiltonian of a charged particle’s motion in the external magnetic
ﬁelds is given by [2]

x
E2
H = −(1 + )
− m0 c2 − p2x − p2y − qAs , (1)
ρ
c2
where E is the particle’s total energy, m0 c2 the particle’s
rest energy, (px , py ) the particle’s mechanical momenta, ρ
is the radius of the reference coordinate system, As the
magnetic vector potential. The canonical variables are
(x, px , y, py , t, −E ). We further normalize momenta and
Hamiltonian with a reference momentum p0 , which corresponds to a reference total energy E0 , cp0 = β0 E0 ,
E 2 = m02 c4 + c2 p2 . Then the new Hamiltonian is
H = −(1 +


x
q
) (1 + δ)2 − p2x − p2y − As .
ρ
p0

(2)

Here δ = Δp
p0 .
It is convenient to use the longitudinal path length s as
an independent variable in circular accelerators. Deﬁning a
generating function
F2 = xpx + ypy + (

s
E0
− ct)(pt +
),
β0
cp0

(3)

we obtain a new Hamiltonian as

x
pt
q
pt
− (1 + ) 1 + 2 + p2t − p2x − p2y − As . (4)
H=
β0
ρ
β0
p0
Here the canonical variables are (x, px , y, py , −cΔt, pt ), −cΔt
0
= −c(t − t0 ) = −c(t − βs0 c ), pt = E−E
cp0 .
So far, in the above derivation, there is not direct connection between the reference coordinate system’s radius
ρ and the reference momentum p0 . However, during the
accelerator design and in the most of accelerator design
and simulation codes, we normally assume that a reference
particle with the reference momentum p0 will follow the reference closed orbit deﬁned by ρ. Also the magnet strengths
are deﬁned with respect to the so-called magnetic rigidity,
which is deﬁned as (Bρ) = p0 /q. As we will see later, these
connections give diﬃculties when we would like to track
particles with diﬀerent energy or diﬀerent charge.
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eRHIC ELECTRON RING DESIGN STATUS∗

C. Montag† , M. Blaskiewicz, C. Hetzel, D. Holmes, Y. Li, H. Lovelace, V. Ptitsyn, K.S. Smith,
S. Tepikian, F. Willeke, H. Witte, W. Xu, Brookhaven National Laboratory, Upton, NY 11973, U.S.A.
E. Gianfelice-Wendt, Fermi National Accelerator Laboratory, Batavia, IL 60510, U.S.A.
Table 1: Key Design Parameters of the Electron Storage
Ring
energy [GeV]
beam current [A]
bunch intensity [1011 ]
hor. emittance [nm]
beam-beam parameter

Figure 1: eRHIC tunnel cross section with the electron storage ring in the same plane as the two existing RHIC ion
rings, and the injector synchrotron above.

Abstract
For the proposed electron-ion collider eRHIC, an electron
storage ring will be installed in the existing RHIC tunnel.
To reach the high luminosity of up to 1034 cm−2 sec−1, beam
currents up to 2.5 A have to be stored. Besides high luminosity the physics program requires spin polarization levels of
70 percent, with both spin “up” and spin “down” orientations
present in the ﬁll. This is only feasible by using a full-energy
spin polarized injector that replaces bunches faster than the
depolarization rate. To limit the repetition rate of that injector to about one hertz, the polarization lifetime in the
storage ring has to be maximized by proper spin matching
and countermeasures for the machine misalignments. We
will give an overview of the electron storage ring design.

INTRODUCTION
The proposed electron-ion collider eRHIC [1] at
Brookhaven National Laboratory consists of an electron ring
installed in the existing RHIC tunnel, and colliding beams
with the existing “Yellow” RHIC ring in IRs 6 and 8. This
new storage ring wil be installed in the same plane as the
RHIC ion rings, as shown in Figure 1. The two RHIC rings
intersect in the center of each of the six straight sections,
resulting in each ring being composed of three inner and
three outer arcs. To achieve the same circumference in the
electron storage ring, it therefore has to consist of three inner
and three outer arcs as well.
The necessary large center-of-mass energy range of 30
to 140 GeV requires an electron beam energy range from
5 to 18 GeV, and a proton beam energy range from 41 to
∗
†
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5
2.5
3.0
20
0.1

10
2.5
3.0
20
0.1

18
0.26
0.6
20
0.1

275 GeV. To optimize the luminosity over the entire energy
range the horizontal emittance of the electron beam needs to
be 20 nm independent of energy, see Table 1 [2]. To achieve
the desired large beam-beam parameter of ξ = 0.1 over the
entire energy range, suﬃcient synchrotron radiation damping
is required. While radiation damping at energies of 10 GeV
and above is already naturally fast enough, increasing it at
low energies requires dedicated measures.

LATTICE DESIGN
The six arcs of the electron storage ring are composed of
FODO cells with a cell length of roughly 16 m. To fulﬁll
the conﬂicting requirements of minimum synchrotron radiation power at high energy and fast radiation damping at low
energy, each bending magnet is split into three segments
- a short, 45 cm long dipole in-between two 2.66 m long
dipoles, as schematically shown in Figure 2. At energies of
10 GeV and above, all three segments are powered uniformly
to provide a smooth bend with maximum curvature, therefore minimizing the generated synchrotron radiation. Below
5 GeV, the center dipole is powered with the opposite polarity, with magnetic ﬁelds reaching up to 0.7 T. This result
in a sharp bend in the center of the super-bend that generates enough synchrotron radiation for a transverse radiation
damping time equivalent to 10000 turns.
To achieve the desired horizontal emittances, the ring is
operated with diﬀerent betatron phase advances, namely 90
degrees per FODO cell at 18 GeV, and 60 degrees at 5 and
10 GeV. The super-bends required for fast radiation damping
at 5 GeV contribute signiﬁcantly to increasing the emittance
to the design value of 20 nm. Small adjustments, if required,
can then be achieved by a small radius change.

SPIN ROTATORS
To provide longitudinally spin-polarized beams at the
interaction point (IP), spin rotators that transform the vertical
polarization direction in the arcs to the longitudinal direction
at the IP are required. For the electron beam energy range in
eRHIC, a solenoid-based scheme is the most eﬃcient one in
terms of space requirement. In this scheme, the vertical spin
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AN INCREASED EXTRACTION ENERGY BOOSTER COMPLEX FOR THE
JEFFERSON LAB ELECTRON ION COLLIDER*
E. Nissen†, Jefferson Lab, Newport News, VA, USA
Abstract
The proposed Jefferson Lab Electron Ion Collider
(JLEIC) envisions an ion complex composed of an ion
linac, two booster synchrotrons and a collider ring. The
evolving design of the JLEIC booster required an increase
in the extraction energy of the booster from 8 to 12.1 GeV
kinetic energy, necessitating two machines instead of one.
The decision was also made to switch to warm magnets,
thus increasing the total radius of the 8 GeV booster. The
second booster is now the same size as the collider rings.
In this work we present the new designs for JLEIC’s Low
Energy Booster (LEB) and High Energy Booster (HEB).

straights which must also make room for electron cooling,
RF, injection and extraction. Each straight FODO cell has
an overall length of 4.4 m.

REQUIREMENTS
As the design of the Jefferson Lab Electron Ion Collider
(JLEIC) has evolved, an increase in the extraction energy
of the booster complex was required. This was due to the
increase in the top energy of the collider ring from 100
GeV to 200 GeV [1], and the need to keep the energy reach
within reasonable bounds. In order to accommodate this
switch to warm magnets and avoid transition crossing
throughout the complex, the machine was split into two.
The booster complex now goes from the source, through a
linac, a Low Energy Booster (LEB) a High Energy Booster
(HEB) and finally into the collider ring. The LEB now goes
from 150 MeV to 8 GeV kinetic energy, and the HEB goes
from 8 GeV to 12.101 GeV kinetic energy (13 GeV/c momentum) for protons or ions of equivalent rigidity.

Figure 1: These are the lattice functions for the LEB.

LOW ENERGY BOOSTER DESIGN
The low energy booster needs to take protons (or ion
equivalents) from 150 MeV to 8 GeV kinetic energy without crossing transition. A decision was made to switch to
warm magnets from superconducting, necessitating an increase in size to a 604 m circumference. The figure-8 shape
is again used to preserve spin polarization. This increase in
size allows us to use FODO cells in the arc while still keeping the transition energy above the maximum extraction
energy. The Ȗt is 10.6, a 10% overhead on the extraction
gamma for protons. In order to provide a simple superperiod for the chromaticity correction, the phase advance in
the arcs is 108° per cell. Dispersion suppression is accomplished via differential bending in the two cells on either
end of the arcs. The optical functions of the LEB are shown
in Fig. 1, while the physical layout is shown in Fig. 2. The
magnets and their strengths are shown in Table 1. The
straights are each composed of five pairs of FODO cells,
any working point changes will be performed in the
___________________________________________
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Figure 2: This is the physical layout of the LEB.
Table 1: Magnets and their Strengths for the LEB
Element
Dipole
Quadrupole

L
(m)
2.5
0.6

Number
96
136

T
(max)
1.19
-

T/m
(max)
19.7012

T/m2
(max)
-

HIGH ENERGY BOOSTER DESIGN
The high energy booster needs to take the beam from 8
GeV to 12.101 GeV kinetic energy in a footprint that fits
in the tunnel provided for the ion and electron collider rings
(2341 m). We matched the geometry of the electron collider ring, but used 2 FODO cells for every 3 in the collider
ring’s arcs. The electron collider ring also includes spin rotators which perform part of the bending, so these needed
to be matched in the HEB. Once again, a 108° phase advance per cell is used, giving a Ȗt of 14.745. The ends of
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AN IMPROVED eRHIC INTERACTION REGION DESIGN
WITHOUT HIGH FIELD Nb3Sn MAGNETS *
B. Parker†, R. B. Palmer and H. Witte, Brookhaven National Laboratory, Upton, New York, USA
Abstract

synrad absorbers located 18 m away from the IP.

The Electron-Ion Collider (EIC) is envisioned as the
next DOE Nuclear Physics facility. BNL is proposing
eRHIC, a facility based on the existing RHIC complex as
a cost effective realization of the EIC project with a peak
luminosity of 1034 cm-2sec-1. An electron storage ring with
an energy range from 5 to 18 GeV will be added in the
existing RHIC tunnel. The beams will collide in up to two
Interaction Regions (IRs). Balancing conflicting experimental physics and machine accelerator physics demands
with realistic eRHIC IR magnet designs requires new
concepts and careful attention to detail. We review recent
work aimed at reducing IR magnet cost and at avoiding
risk associated with using a high-field Nb3Sn actively
shielded quadrupole that was present in an earlier design.

ERHIC IR DESIGN REQUIREMENTS
The EIC requirements for eRHIC, as derived from a
U.S. Nuclear Physics community White Paper, are:
x An electron-proton center-of-mass energy range of
30 to 140 GeV achieved with proton energies of 41 to
275 GeV and electron energies of 5 to18 GeV;
x Electron-proton luminosity of 1032 to 1034 cm-2sec-1;
x Spin polarized electron and light ion (p, deuteron,
3
He) beams;
x Proton and electron polarization levels of at least
70 percent and arbitrary spin patterns in both beams;
x A wide range of ion species from protons to uranium.
These overarching eRHIC design parameters are described in more detail elsewhere [1-3].
The eRHIC IR design, shown schematically in Figure
1, has multiple requirements and design considerations:
x Focus both electron and hadron beams to small spot
sizes at the interaction point (IP), with E-functions
down to a few centimeters;
x Initiate beam separation in a Crab Crossing geometry
configuration with 25 mrad total crossing angle;
x Separate 10V circulating hadron beam from both a
r4 mrad forward neutron cone passed to a Zero Degree Calorimeter (ZDC) and r1.3 GeV/c transverse
momentum protons measured at Roman Pot stations;
x Luminosity measurement uses Bethe-Heitler photons
from IP split off from the circulating electron beam;
x Scattered electrons, outside the 15V electron beam
envelope, are detected at a dedicated electron tagger.
x We must preserve a r4.5 m stay clear region about
the IP solely for experimental detector components;
x Synchrotron radiation (synrad) must pass cleanly
through the detector and rear side electron magnets to
___________________________________________
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Contract No.

Figure 1: Top view of the central 60 m eRHIC IR region.
Note very different scales on the two axes. We use the
HERA convention: elements on outgoing proton/ion side
of detector are “forward,” while those on incoming side
are “rear.” Crossing angle is 25 mrad with beam envelopes shown at: 10V for 275 GeV protons and 15V for 18
GeV electrons.
Since a wide range of forward charged and neutral particles must reach the Roman Pots and ZDC, the forward
side hadron magnets apertures are much larger than those
needed just for the 10V circulating beam on the rear side.
Table 1 details the forward side magnet parameters. Note
that with two exceptions the forward side electron and
hadron magnets are staggered and do not overlap.
Table 1: Forward side magnet parameters for 275 GeV
protons and 18 GeV electrons. Names with B are dipoles,
Q are quadrupoles. Smid is the distance from the IP to the
middle of the magnet. Magnets sharing a common yoke
are grouped together. Bpole is |B| for dipoles and the
product of gradient times aperture radius for quadrupoles.
Name
B0PF
Q0EF
B0APF
Q1APF
Q1BPF
Q1EF
Q2PF
B1PF
B1APF

Smid
(m)

Lmag
(m)

5.9

1.20

7.7
9.2

0.60
1.46

11.1

1.61

14.2
18.1
20.8

3.80
3.00
1.50

Rap
(mm)

Bpole
(T)

200
25
46
56
78
63
131
135
168

1.3
0.3
3.3
4.1
5.2
0.5
5.3
3.4
2.7
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A PHASE SHIFTER FOR MULTI-PASS RECIRCULATING PROTON
LINAC*
J. Qiang†, L. Brouwer, S. Prestemon, LBNL, Berkeley, CA94720, U.S.A.
Abstract
The multi-pass recirculating proton linac can
significantly improve the usage efficiency of RF
superconducting cavities by passing the proton beam
through the same cavity multiple times. However, in order
to achieve the multiple acceleration, synchronous
conditions in phase have to be satisfied. In this paper, we
propose a fixed field superconducting magnet system as a
phase shifter to meet the synchronous conditions.

INTRODUCTION
Superconducting proton linacs have been constructed or
proposed as a driver for high energy neutrino physics study
[1], for production of spallation neutron sources [2, 3] and
tritium [4], and for nuclear waste transmutation and energy
production [5, 6]. However, those linacs are expensive due
to the inefficient usage of superconducting RF cavities with
single pass of the proton beam. Recently, we proposed a
concept of recirculating superconducting proton linac that
has a potential to substantially save those accelerator
project costs by reusing each section of the
superconducting linac multiple times to accelerate the
beam to multiple GeVs [7, 8]. A schematic plot of a multiGeV recirculating proton linac is shown in Fig. 1.

Figure 1: A schematic plot of a GeV recirculating proton
linac [7].
Here, the proton beam is accelerated in three sections using
three types of superconducting RF cavities separately. In
the first section, the proton beam is accelerated from 150
MeV to 500 MeV in a double pass linac. A total of 17
cavities is needed in this section, instead of 34 cavities in a
single pass linac. In the second section, the proton beam is
accelerated from 500 MeV to 2 GeV in 4 passes, using 39
cavities instead of 156 cavities. In the third section, the
proton beam is accelerated from 2 GeV to 8 GeV in 6
passes, using 50 cavities instead of 300 cavities. This new
concept drastically reduces the number of superconducting
cavities needed to reach the final 8 GeV beam energy from
near 500 to around 100. It also avoids the potential intensity
and repetition rate limits of the Rapid Cycling Synchrotron.
The electron recirculating accelerator has been built and
operated for many years [9]. For proton beam, there exist
unique challenges due to the phase slippage between
different energy proton beams passing through a fixed
distance. The recirculating proton beam passing through
___________________________________________

*Work supported by the Director of the Office of Science of the US
Department of Energy under Contract no. DEAC02-05CH11231.
†jqiang@lbl.gov

MOPRB103
802

the same cavity might see different RF phase from the
previous passes. Let tim denote the time elapse between two
RF cavities i and i+1 during the mth beam pass of the
accelerator, tin the time elapse between the two cavities
during the nth beam pass, if the difference of the two time
elapses satisfies the following synchronous condition:
tim - tin = ±k Trf , k = 0, 1, 2, …
(1)
where Trf is the oscillation period of the RF field inside the
cavity, the proton beam will see the same design phase of
the cavity during multiple passes of the accelerator.
Beam dynamics design studies [10, 11] have been done
for the first section of proposed multi-GeV recirculating
linac using the IMPACT code [12, 13]. The separation
between superconducting cavities is adjusted to satisfy the
above synchronous condition so that proton beams with
two different energies can be accelerated using the same
RF cavity. However, for multiple passes (>2), the slippage
in phase can no longer be corrected by spacing between
cavities and requires a new approach. An energy dependent
path length change using magnetic phase shifters during
recirculation is one option, but this requires high magnetic
fields due to the large magnetic rigidity of the proton beam
at GeV energy. An additional challenge for the design of
phase shifting magnets comes from CW operation. In such
a mode it is not possible to ramp the magnetic field fast
enough, requiring that the magnets have a momentum
acceptance large enough to cover the full range of energies
in the recirculating section with fixed magnetic field. In this
paper, we propose a fixed field achromatic
superconducting magnetic system that can provide
synchronous phase shifts for different energy beams.

FIXED FIELD PHASE SHIFTER USING
SUPERCONDUCTING MAGNETS
In the previous study, a chicane-like phase shifter
concept using three bending magnets was proposed for
multi-pass recirculating proton linac [14]. However, that
concept requires discontinuous change of magnetic field
profile, which is not practically achievable. In this study,
we propose using two bending magnets as a phase shifter
between two RF cavities. The field profile inside the
bending magnet varies continuously in the direction
perpendicular to the magnet entrance edge. A schematic
plot of the new fixed field phase shifter is shown in Fig. 2.
Here, the proton beam passing through the RF cavity will
enter the magnet with 45 degrees with respect to the
magnet’s entrance edge. In the middle plane of the magnet,
there is only vertical component of the field that varies only
as a function of x, the distance perpendicular to the
entrance edge. There is no z dependency of the vertical
magnetic field in the middle plane. From this symmetry,
the proton beam will exit the magnet with another
45 degrees with respect to the entrance edge. The entire
magnet provides 90 degree bending of the proton beam.
MC4: Hadron Accelerators
A16 Advanced Concepts
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A PARAMETER STUDY FOR IMPROVING THE PERFORMANCE OF
THE PRODUCTION TARGET FOR THE MUON g-2 EXPERIMENT*
Diktys Stratakis†, Fermi National Accelerator Laboratory, Batavia IL, USA
Abstract
The target station of the Muon g-2 Experiment is one of
the central pieces for the production of secondary pions
which eventually will decay to the desired muons. In this
paper, we report adjustments made to optimize its performance. For instance, in the simulation we vary the size of
the primary incoming beam and examine its impact on the
downstream production. We then compare this with the actual measured beam size upstream of the target. In addition,
we examine the sensitivity in performance with the
strength of the lithium lens and the distance between lens
and target. We compare measured data with simulation results.

INTRODUCTION
The Muon g-2 Experiment, at Fermilab [1], will measure
the muon anomalous magnetic moment, 𝛼 to unprecedented precision: 0.14 parts per million. To perform the experiment, a polarized beam of positive muons is injected
into a storage ring with a uniform magnetic field in the vertical direction. Since the positron direction from the weak
muon decay is correlated with the spin of the muon, the
precession frequency is measured by counting the rate of
positrons above an energy threshold versus time. The g-2
value is then proportional to the precession frequency divided by the magnetic field of the storage ring.
A sequence of lines that are part of the Fermilab Muon
Campus [2] have been designed in order to transport the
highest possible quality beam to the Muon g-2 Experiment.
Bunches from the Recycler are extracted and guided to a
target station. The resulting pions, protons and muons are
transported into the Delivery Ring, where they make several revolutions. Finally, the muon beam is injected into a
final beamline that terminates at the entrance of the storage
ring of the Muon g-2 Experiment. In this paper, we will
overview the performance of the production target.

MUON PRODUCTION TARGET
The production target [3] station consists of five main
devices: the pion production target, the lithium lens, a collimator, a pulsed magnet, and a beam dump (not depicted
here). A schematic layout is shown in Fig. 1.
The new target design is made of a single cylinder of Inconel, with air blowing through a heat exchanger incorporated into the center shaft. A shell of beryllium provides a
cover for the Inconel target, to reduce target oxidation and
damage. Inconel was chosen as the best choice of target
material because it can withstand higher stresses caused by
___________________________________________
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the rapid beam heating. Immediately downstream of the
target module is the Lithium Lens module (see Fig. 2). The
lens is designed to focus a portion of the secondaries off of
the target, greatly reducing their angular component. The
distance between the target and lens, can be adjusted to
match the diverging cone of secondary particles to the focal
length of the Lithium Lens. For the Muon Campus scenario, the lithium lens acts as a conductor for a 116 kA current, producing a magnetic field gradient of 232 T/m within
the lithium and is located 0.3 m downstream the target. The
Lithium Lens has the advantage over conventional quadrupoles in that it focuses in both transverse planes and produces an extremely strong magnetic field. The following
collimator is used to reduce heating and radiation damage
to the Pulsed Magnet (PMAG), which is located immediately downstream of the Collimator. The Collimator is cylindrical in shape and made of copper, with a hole in the
middle for the beam to pass through. The PMAG is a 3degree pulsed dipole that is located downstream of the Collimator. Its purpose is to select 3.1 GeV/c secondaries and
bend them into the M2 line. The dipole was designed specifically for the Target Vault and is a single-turn, radiationhardened, water-cooled, 1.07 m long magnet with an aperture measuring 5.1 cm horizontally by 3.5 cm vertically.

Figure 1: Schematic layout of the target-station that is used
to produce muons for the Muon g-2 experiment. Beam
dump is not shown.

Figure 2: Image of the Lithium lens at the production target
station for the Muon g-2 experiment.
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MEASUREMENT AND ANALYSIS OF BEAM PHASE-SPACE
DISTRIBUTIONS FOR THE FERMILAB MUON CAMPUS ACCELERATOR
COMPLEX*
A. Ramirez†, University of Houston, Houston TX 77204, USA
D. Stratakis, Fermi National Accelerator Laboratory, Batavia IL 60510, USA
Abstract
The Muon g-2 experiment at Fermilab is tasked with
measuring the muon’s anomalous magnetic moment with
high precision. Since the experiment requires large
amounts of muons, it is imperative to systematically study
the behavior of the beam along the transport line.
Unfortunately, the available diagnostics only provide beam
information in X-Y space. For a complete evaluation,
information of the phase-space is required. This paper
demonstrates a technique to measure the beam phasedirection distribution by using a set of beam profiles. First,
we establish the theoretical framework that describes the
principle of the technique. Next, we apply the technique at
four different locations along the accelerator delivery line.
Finally, we compare our findings to predictions from
tracking simulations.
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describes the tilt of the beam phase-space which could be
positive (beam converging) or negative (beam diverging).
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emittance, describes the ellipse area occupied by the
particles.

INTRODUCTION
The Fermilab Muon g-2 experiment is probing the
anomalous magnetic moment of the muon with an
unprecedent precision of 140 ppb [1]. To achieve such high
precision, the experiment requires an abundance of muons
to measure within in its storage ring. Previous research [2],
as seen in Fig. 1, indicates a set of Twiss (Courant-Snyder)
parameters at injection which maximizes the percentage of
muon storage. Thus, it is important to have a technique to
measure the properties, or Twiss parameters, of the
beamline to monitor and improve performance.
In this paper, we will discuss one technique accelerator
physicists use and utilize it to determine the Twiss
parameters of the beam transport to aid in the optimization
of the beam injection for the Fermilab Muon g-2
experiment.

THEORY
In linear beam dynamics [3], particles at any point along
a beamline can be defined in six-dimensional phase space
with the following coordinates: (X, X’, Y, Y’, Z, Pz). Z is
parallel to the beamline with Pz as its respective
momentum. X and Y are positions transverse to Z; X’ and
Y’ are the angular displacements of momentum in X/Z and
Y/Z planes. We can then plot the distribution of (X, X’)
and (Y, Y’) points on a phase plot, and fit them with an
ellipse contour using the following equation
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Figure 1: Example of Twiss parameters at injection and the
corresponding muon storage. Injection is most sensitive to
horizontal Twiss parameters since the narrowest aperture
LVǻ[ PP.

THE QUAD-SCAN METHOD
The quad-scan technique allows us to use profile
monitors along an accelerator lattice to extract beam
intensity pro-files as a function of position both in the X
and Y direction. We can then use these profiles to derive
our Twiss parameters upstream of a quadrupole. This
method involves applying linear optics to the beam
transport. First, we employ a quadrupole magnet and a
profile monitor separated from the quad by a drift distance,
d, as shown in Fig. 2.

Figure 2: Diagram of the quad-scan setup. d is known as
the drift distance and f is the focal length of the quadrupole.
The Twiss parameters calculated from the measured beam
widths describe the phase space at P0.
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3D THEORY OF MICROBUNCHED ELECTRON COOLING FOR
ELECTRON-ION COLLIDERS∗
G. Stupakov† and P. Baxevanis
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract

The Microbunched Electron Cooling (MBEC) [1] is a
promising cooling technique that can find applications in
future hadron and electron-ion colliders. A 1D model of
MBEC has been recently developed in Ref. [2, 3]. This
model predicts the cooling time below two hours for eRHIC
255 GeV proton beams, when two amplification sections are
used in the cooling system. In this work, we go beyond the
1D model of Ref. [2] and develop a realistic 3D theory of
MBEC. We derive an analytical expression for the cooling
rate. Our analytical results are in reasonable agreement with
computer simulations.

INTRODUCTION
The idea of coherent electron cooling has been originally
proposed by Ya. Derbenev [4] as a way to achieve cooling rates higher than those provided by the traditional electron cooling technique [5, 6]. The mechanism of the coherent cooling can be understood in a simple setup shown
in Fig. 1. An electron beam with the same relativistic γ�(�)
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Figure 1: Schematic of the microbunched electron cooling
system. Blue lines show the path of the electron beam, and
the red lines indicate the trajectory of the hadron beam.
factor as the hadron beam co-propagates with the hadrons
in a section of length Lm called the “modulator”. In this
section, the hadrons imprint microscopic energy perturbations onto the electrons via the Coulomb force. After the
modulation, the electron beam passes through a dispersive
(e)
chicane section, R56
, where the energy modulation of the
electrons is transformed into a density fluctuation referred to
as “microbunching”1 . Meanwhile, the hadron beam passes
(h)
through its dispersive section, R56
, in which more energetic
particles move in the forward direction with respect to their
original positions in the beam, while the less energetic particles trail behind. When the beams are combined again in a
section of length Lk called the “kicker”, the electric field of
∗
†
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In a long modulator section the microbunching can be generated directly
in the modulator when the energy modulation is converted into a density
fluctuation through plasma oscillations [7].
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the induced density fluctuations in the electron beam acts
back on the hadrons. With a proper choice of the chicane
strengths, the energy change of the hadrons in the kicker
leads, over many passages through the cooling section, to a
gradual decrease of the energy spread of the hadron beam.
The transverse cooling is achieved in the same scheme by
introducing dispersion in the kicker for the hadron beam.
In most cases, the cooling rate in the simple setup shown
in Fig. 1 is not fast enough for practical applications. It can
be considerably increased if the fluctuations in the electron
beam are amplified on the way from the modulator to the
kicker. Following an earlier study by Schneidmiller and
Yurkov [8] of microbunching dynamics for generation of
coherent radiation, Ratner proposed a broadband amplification mechanism [1] in which the amplification is achieved
through a sequence of drifts and chicanes such that the density perturbations in the drifts execute a quarter-wavelength
plasma oscillation. A detailed theory of the amplification in
MBEC is recently published in Ref. [3].
Previous analysis of MBEC in Refs. [1–3] used a 1D
model of particle interaction in which particles are replaced
by thin slices in the beam. In this paper we will develop a
3D theory for the Microbunched Electron Cooling (MBEC)
where particles are treated as point charges and compare its
results with the 1D model.

MBEC COOLING IN 3D
In the 1D model of MBEC in Ref. [2] we replaced point
charges of the hadron and electron beams by charged sheets
with a Gaussian charge distribution in the transverse direction. The force fz between a hadron with charge Ze and an
electron with charge −e in this model is given by
fz = −

Ze2  zγ 
,
Φ
Σ
Σ2

(1)

where z = ze − zh is the distance between the charges, Σ
is the rms transverse size of the beams (which are assumed
axisymmetric and of the same cross section), and the expression for the function Φ can be found in [2]. The coordinates
ze for the electron and zh for the hadron are measured along
the longitudinal axis of the beams. As was shown in Ref. [2],
the cooling rate in the system shown in Fig. 1 is expressed
in terms of the imaginary part of the effective impedance
Z1D (̹),
ImZ1D (̹) = −

2 2
4Ie Lm Lk
2
(̹) ,
qe ̹e−̹ qe /2 H1D
cΣ2 γ 3 I A σe

(2)

where ̹ = kΣ/γ is the dimensionless wave number, Ie is
the electron beam current, I A = me c3 /e = 17 kA is the
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CAVITY DESIGN FOR THE UPDATED eRHIC CRABBING SYSTEM ∗
S. Verdú-Andrés† , Q. Wu
Brookhaven National Laboratory (BNL), NY 11973, Upton, USA
Abstract

The electron-ion collider eRHIC proposed by Brookhaven
National Laboratory includes a crabbing system to reestablish head-on collisions for a maximum geometric overlap of
the colliding bunches. Since the last cavity design, the crossing angle has increased from 22 to 25 mrad to relax the field
strength requirement in one of the IR magnets – increasing
the deflecting kick required to collider the bunches head on
– and one of the considered options is to have both proton
and electron crab cavities work at 200 MHz. The present
paper discusses the RF design of the 200 MHz crab cavities
for the electron and hadron beams of eRHIC.

INTRODUCTION

The construction of an Electron-Ion Collider (EIC) would
enable to further investigations on gluons and quarks, and
deepen our understanding of fundamental properties of matter like the origin of the nucleons mass [1]. The EIC proposed by Brookhaven National Laboratory (BNL) receives
the name of eRHIC: electron Relativistic Heavy Ion Collider.
The eRHIC consists of two storage rings as depicted in
Fig. 1, one for electrons and another one for hadrons [2].
The baseline design of eRHIC includes a crabbing system
for each ring to enable the so-called crab crossing in the
horizontal plane. Crab crossing in eRHIC will maximize
the geometric overlap of the colliding bunches and becomes
essential to reach the luminosity levels required for studying
rare processes.
Since our last report [3], some eRHIC design parameters
relevant to the crabbing system were updated. The number
of bunches has changed to 290 for the 275 GeV proton and
18 GeV electron collisions with base harmonic number of
315. For other high-luminosity scenarios, the number of
bunches is 1160 (4 × 290), requiring a factor of 4 times the
base harmonic number [4, 5]. In addition, the crossing angle
has been increased from 22 mrad to 25 mrad to relax the
field strength requirement in one of the Interaction Region
(IR) magnets. This work discusses the RF characteristics
of the crab cavities for the electron and hadron rings of the
latest eRHIC design.

THE eRHIC CRAB CAVITY DESIGN
The choice of the crab cavity frequency impacts the cavity
size and necessary kick voltage. It also has an effect on
power and tuning requirements. The final frequency has to
consider possible space constraints and non linear kicks to
long bunches.
∗
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Figure 1: Conceptual layout of eRHIC.

RF Frequency Choice
The operational frequency of the eRHIC crab cavities
needs to be a multiple of the base harmonic number (h) times
the revolution frequency ( fr ). The revolution frequency is
given by fr = βr c0 /C , where v is the particle velocity, βr is
the relativistic particle velocity, c0 is the speed of light in vacuum and C is the accelerator circumference. The eRHIC will
occupy the tunnel currently hosting the Relativistic Heavy
Ion Collider (RHIC). The nominal eRHIC circumference is
3833.845 m [6], so the revolution frequency is approximately
78.25 kHz (it varies with the beam energy). Another factor 2 is additionally required to allow the shared luminosity
scheme between the two Interaction Points (IP) [7].
Here we investigate a low-frequency crab cavity option
for eRHIC working at 197.19 MHz (2 × 4 × 315 × fr ), close
to the frequency of the RHIC copper storage cavities. This
low frequency is preferred to ensure that the eRHIC proton
bunches, with 5–7.5 cm rms bunch length, receive a linear kick (the half wavelength of 197 MHz is about a factor
10 larger than the bunch length). The non-linearities introduced by a higher frequency cavity could be corrected with
the addition of higher harmonics, but this would increase
the complexity of the crabbing system. First beam-beam
emittance growth studies do not find significant differences
between multi-harmonic or 200 MHz systems [8].

Kick Voltage
The transverse kick voltage (V⊥ ) provided by a crab cavity
is given by:
V⊥ =

c0 E0 θC
√
2ω β∗ βC

(1)

where E0 is the beam energy, θC is the crossing angle, ω
is the angular RF frequency of the crabbing mode, β∗ is the
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SIMULATION STUDY OF THE EMITTANCE MEASUREMENTS IN
MAGNETIZED ELECTRON BEAM*
S.A.K. Wijethunga†1, M.A. Mamun2, F.E. Hannon2, G.A. Krafft1,2, J. Benesch2, S. Zhang2,
G. Palacios-Serrano1,2, R. Suleiman2, M. Poelker2, J.R. Delayen1
1
Old Dominion University, Norfolk, VA 23529, USA
2
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
Abstract
Electron cooling of the ion beam is key to obtaining the
required high luminosity of proposed electron-ion colliders. For the Jefferson Lab Electron Ion Collider, the expected luminosity of 10 cm s will be achieved
through so-called “magnetized electron cooling”, where
the cooling process occurs inside a solenoid field, which
will be part of the collider ring and facilitated using a circulator ring and Energy Recovery Linac (ERL). As an initial step, we generated magnetized electron beam using a
new compact DC high voltage photogun biased at -300 kV
employing an alkali-antimonide photocathode. This contribution presents the characterization of the magnetized electron beam (emittance variations with the magnetic field
strength for different laser spot sizes) and a comparison to
GPT simulations.

The generation and characterization of the magnetized
electron beam was successfully conducted at Jefferson Lab
using a new DC high voltage photogun biased at -300 kV
and employing a K2CsSb photocathode. Simulations were
performed using GPT (General Particle Tracer) program to
benchmark the measurements. This paper presents simulations results of the emittance measurements which help to
understand the theory, both qualitatively and quantitatively
and to optimize the parameters for better results.

EXPERIMENTAL SETUP
The experimental beamline consists of gun high voltage
chamber, bialkali-antimonide photocathode deposition
chamber, cathode solenoid, 532 nm RF-pulsed laser, three
fluorescent YAG screens, harp, few focusing solenoids and
beam dump. A schematic diagram of the beamline is shown
in Fig. 1.

INTRODUCTION
The proposed Jefferson Lab Electron Ion Collider
(JLEIC) must provide ultra-high collision luminosity
(10 cm s ) to achieve the promised physics goals and
this necessitates small transverse emittance at the colliding
position. Emittance growth can be reduced by the process
called electron cooling, where the electron beam with temperature Te is co-propagated with the ion beam traveling at
the same velocity but with temperature Ti where Te < Ti.
The ion beam is “cooled” as a result of the Coulomb collisions and the transfer of thermal energy from ions to the
electrons. Thermal equilibrium is reached when both the
particles have the same transverse momentum.
The cooling rate can be significantly improved using a
“magnetized electron beam” where this process occurs inside a solenoid field which forces electrons to travel with
small helical trajectories that help to increase the electronion interaction time while suppressing the electron-ion recombination [1, 2]. However, the fringe radial magnetic
field at the entrance of the solenoid creates a large additional rotational motion which adversely affects the cooling process inside the solenoid. In order to overcome this
effect, the electron beam is created inside a similar field but
providing a rotating motion in the opposite direction, so
that the fringe field effects exactly cancel.
____________________________________________

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract No. DE-AC05-06OR23177. Additional support comes from Laboratory Directed Research and Development program. 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.
† wwije001@odu.edu

MOPRB110
822

Gun HV Cathode Focusing
Chamber Solenoid Solenoid

Viewer
Screen

Focusing
Solenoid

Viewer
Screen

Beam
Dump

Photocathode
Chamber

Figure 1: The diagnostic beamline.
The compact gun high voltage chamber includes an inverted insulator and spherical cathode electrode operating
at or below -300 kV. The cathode-anode gap is 0.09 m and
the anode aperture is 0.02 m. To manufacture photocathodes, a load-lock type photocathode deposition chamber
was installed behind the gun high voltage chamber. A 532
nm green light RF-pulsed drive laser with 374 MHz bunch
repetition rate and 50 ps FWHM pulse width was used for
all measurements. The laser beam temporal and spatial profiles were Gaussian and the laser spot size at the photocathode was adjusted using an optical transport system with focusing lenses. The magnetic field at the photocathode was
provided by a solenoid magnet designed to fit at the front
of the gun chamber, 0.2 m away from the cathode. The
magnet operates at a maximum current of 400 A to provide
up to 0.1514 T at the photocathode. The diagnostic beam
line extends 4.5 m from the photocathode with nominal
0.065 m beampipe aperture. There are two fluorescent
YAG screen-slit combinations at 1.5 and 2.0 m, and one
YAG screen at 3.75 m to measure the beam’s transverse
MC1: Circular and Linear Colliders
A19 Electron-Hadron Colliders
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LASER SCULPTED COOL PROTON BEAMS
S. M. Gibson† , S. E. Alden, L. J. Nevay
John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX, UK
Abstract
Hydrogen ion accelerators, such as CERN’s LINAC4,
are increasingly used as the front end of high power proton
drivers for high energy physics, spallation neutron sources
and other applications. Typically, a foil strips the hydrogen
ion beam to facilitate charge-exchange injection of protons
into orbits of high energy accelerators, in which the resulting emittance is dominated by phase-space painting. In
this paper, a new method to laser extract a narrow beam of
neutralised hydrogen from the parent H− ion beam is proposed. Subsequent foil stripping and capture of protons into
a storage ring generates cool proton bunches with significantly reduced emittance compared to the parent beam. The
properties of the extracted proton beam can be precisely controlled and sculpted by adjusting the optical parameters of
the laser beam. Recirculation of the parent beam allows time
for space-charge effects to repopulate the emittance phase
space prior to repeated laser extraction. We present particle
tracking simulations of the proposed scheme, including the
laser-particle interaction with realistic optical parameters
and show the resulting emittance is reduced. Developments
for an experimental demonstration of a laser controlled particle beam are outlined. In principle, the proposed scheme
could considerably reduce the emittance of protons bunches
injected into an accelerator, such as the LHC.

INTRODUCTION
State-of-the-art proton accelerators for high energy
physics, spallation neutron sources and other applications
are increasingly driven by high power hydrogen ion linacs.
For example, in order to achieve the beam emittance requirements for the High Luminosity LHC, CERN’s 50 MeV proton LINAC2 has been replaced since late 2018 by LINAC4;
a 160 MeV H− accelerator that will be the primary source
in the injection chain from LHC Run-III. The use of hydrogen ions facilitates charge-exchange injection of protons at
a stripping foil in the orbit bump of the first synchrotron
booster [1, 2]. A low emittance primary hydrogen beam is
critical for efficient phase-space painting, which can dominate the emittance of the proton beam accumulated in the
storage ring for subsequent acceleration. Due to the inherent
emittance of the H− ion source, methods to further reduce
the beam emittance for high beam powers are desired.
In this paper, a new concept to generate an emittance
cooled proton beam is proposed, starting from the laser controlled extraction of a narrow, neutralised H0 beam from
a larger, parent H− beam. The intermediate H0 beam then
drifts to a stripping foil that removes the ground state electron and low emittance protons are captured in the storage
†
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ring for subsequent acceleration. The key advantage is that
transverse size, position and angular divergence of the generated H0 beam is determined by the laser parameters and
overlap geometry and so very low emittance H0 beams can
be created. Thus cool proton beams can be precisely controlled and sculpted by adjusting the optical parameters and
interaction geometry of the laser.
Note that this method is distinct from laser assisted stripping, whereby both electrons of the H− ion are stripped, first
using Lorentz stripping to H0 , then a high-power, short wavelength laser is required to excite the strongly bound ground
state electron by optical nutation prior to stripping by field
dissociation [3–7]. In the method proposed here, only the
outer, loosely bound (0.75 eV) electron is photodetached by
a highly focussed laser over a long interaction length, thus
only a long wavelength (1064 nm), low power, fibre-coupled
laser is needed, considerably simplifying the setup.
In the next section the basic concept of the laser sculpting
interaction geometry is introduced. Secondly, simulations of
realistic accelerator distributions of a single bunch passing
once through the laser sculptor are presented. Finally the
design of a multi-turn racetrack accelerator incorporating a
laser-sculptor is simulated to demonstrate the principle of
emittance reduction for a full beam.

LASER SCULPTED BEAMS CONCEPT
Optical methods for non-invasive diagnostics of hydrogen
ion beams have been developed in recent years, for example
at SNS [8–10], CERN’s LINAC4 [11–18] and FETS [19–22].
Such systems essentially exploit a narrow laserwire orthogonally incident on the particle beam to photo-detach a small
fraction of ions for monitoring purposes. Here, we propose
to inject the laser beam antiparallel to the ion beam to enable
the controlled generation and sculpting of an H0 beam. The
conceptual layout of the laser-ion beam interaction region is
shown in Fig. 1, as modelled in BDSIM [23, 24].
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Figure 1: A laser sculptor modelled in BDSIM shows the
simulated interaction between a narrow laser beam traversed
by a larger H− ion beam. Neutralised ions are sculpted from
the core of the H− beam producing an H0 beam with reduced
emittance defined by the geometrical overlap with the laser.
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OPERATIONAL EXPERIENCE WITH A SLED AND MULTIBUNCH
INJECTION AT THE AUSTRALIAN SYNCHROTRON
M. P. Atkinson, K. Zingre, G. LeBlanc SLSA, [3201] Clayton, Australia
Abstract
The Australian Synchrotron Light Source has been
using multibunch injection successfully with a Stanford
Linear Energy Doubler (SLED) powered LINAC since
2017, considerable experience has been gained since then.
The SLED has proven to be stable beyond expectations
and has greatly simplified LINAC tuning by providing a
single high power Radio Frequency (RF) source. Despite
the energy variation over the 140ns injection period it was
possible to capture the entire bunch train.

and post installation requiring 6 hours of tuning to get
capture in the booster Tuning the LINAC for optimum
booster capture was relatively simple using a fast current
transformer (FCT) to monitor the captured charge, if the
energy was too low the bucket train was rounded if was
too high the bucket train had a dip in the middle. The
optimum energy point is in the middle of the bunch train
giving this the highest energy.

INTRODUCTION
The Australian Synchrotron uses an S band Linear
Accelerator (LINAC) comprising of 2 main accelerating
structures each supplied by a Thales TH2100 37MW
pulsed klystron, to achieve 100MeV total acceleration.
Over time the LINAC was tuned to require 14.5 MW RF
power per structure. Single point of failure reduction
imperatives led to an investigation into operating on one
klystron leaving the other klystron as a redundant spare.
Testing with a single klystron failed [1] to achieve the
required power levels due to klystron arcing at higher
power levels. So a SLED was settled on as a means to
achieve that end. The facility injects a 140ns bunch train
requiring the accelerating RF to be fairly constant for that
period to enable capture of the entire bunch train by the
booster. A SLED with a lower Beta of 3.5 was specified
[2] to reduce the decay of the enhanced pulse and limit
peak power to 45 MW while being compensated by a
longer >5 μs klystron pulse width. As part of the SLED
installation a high speed I/Q based phase and amplitude
waveform detection system was installed [3] to replace
the sample and hold based system.

SLED COMMISSIONING
To select a suitable injection time the charge time
constants for the accelerating structure and the decay time
constant of the SLED were modelled as switched RC
circuits with circuit simulation software (SPICE) giving a
phase flip time within 50ns of the final value and this has
not been changed since. The RF pulse was lengthened to
5.5ȝs thereby including some of the High Voltage (HV)
pulse before and after the flat top, no problems were
observed. Injection point was timed to occur before the
phase rotation due to the falling High Voltage (HV) pulse
begins, we do not care what happens to the klystron phase
after the electrons are injected so long as it does not result
in excessive reflected power. The power balance of the
structures was optimised in normal pulsed mode and this
balance was retained for the SLED mode. Peak power
was set using the data from the SPICE simulation. It was
not possible to compare the RF phase in the structures pre
MOPTS001
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Figure 1: Capture vs energy.
Figure 1 represents three sets of bunch trains being
captured at the under energy, optimum energy and over
energy conditions top to bottom respectively The energy
peak occurring in the centre of the bunch train can clearly
be seen in the bottom pair of traces. The bump before the
injected bunch train is an artefact of the injection kicker.

SLED OPERATION
Various phase flip techniques have been tested
including:
G Switched

transmission lines using mincircuits
ZFSWA2-63DR connectorised switches and coaxial
achieving a phase flip in 50ns
G Fast switched microstrip transmission lines using
Hittite microwave HMC221 switches achieving a
phase flip at the switch of 2ns (Fig. 2)
G Vector modulation with an I/Q modulator and linear
ramp flip in 40ns (Fig. 3).
All techniques could accelerate the entire 140ns bunch
train to 100MeV with the vector technique giving the best
overall result. Currently we use the fast microstrip based
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LINAC ENERGY JITTER MEASUREMENTS
WITH SPARK BPMs AT ALBA
R. Muñoz Horta, D. Lanaia, E. Marin, A. Olmos, F. Perez
ALBA Synchrotron, Cerdanyola del Vallès, Spain
Abstract
At ALBA four Beam Position Monitors (BPMs) measure the beam position along the Linac and the Linac-ToBooster transfer line (LTB). The BPM electronics (Libera
Spark type) have been recently upgraded in order to be
sensitive to single-pass beam detection. As a result, the
position resolution measured in LTB BPMs has been
increased by a factor 10 with respect to the former electronics. The increased resolution enables us to resolve the
energy jitter of the Linac beam, providing an on-line
measurement of the Linac energy during regular operation. In this paper a study of the Linac energy jitter is
presented as well as its correlation with the jitter sources.

SPARK BPMS
The electronics that digitizes and processes the electron
pulses taken by the BPMs installed in the Linac and LTB
have been upgraded from Libera Brilliance to Libera
Spark modules by I-Tech [2]. The new electronics improve the definition of the signal window in time, resulting in a reduction of the signal-to-noise ratio of the position signal. Spark electronics were firstly installed and
tested at the BPMs of the ALBA Booster-To-Storage
transfer line [3]. The resolution of the position calculation
was found to be a factor 10 higher with respect to the
previous electronics.

LINAC AND LTB
The injector of the ALBA Synchrotron consists of a 110
MeV electron Linac, a Linac-To-Booster transfer line
(LTB) and a full energy Booster that accelerates the beam
up to 3 GeV. When running for user operation the injector
tops up the Storage Ring current every 20 minutes [1].
The beam at the Linac is generated at 90 keV by a
thermionic gun in multi (MBM) or single bunch (SBM).
The beam is then sent to a three stage bunching system
that increases the beam energy up to 16 MeV. The final
acceleration is provided by two identical travelling wave
constant gradient accelerating sections, AS1 and AS2. The
Linac is driven by two 3 GHz, 5 μs pulsed klystrons that
work at a repetition rate of 3 Hz. Klystron 1 (KA1) feeds
the bunching system and AS1, whereas klystron 2 (KA2)
feeds only AS2. The diagnostics at the Linac exit include
one Beam Charge Monitor (Li-BCM) and one BPM (LiBPM).
The LTB consists of 2 bending magnets (Bend1 and
Bend2), 3 triplets of quadrupoles and 4 hor/vert corrector
magnets. By means of the switchyard dipole Bend1 the
beam can be sent either to the Diagnostics Line (30º) or
further down the LTB (8.75º). The LTB is followed by
one septum and one kicker magnet. As depicted in Fig. 1,
along the LTB there are installed 3 BPMs, 3 YAG screens
and 1 BCM.

Figure 2: Horizontal position measurement provided by
the Spark electronics for the Linac and LTB BPMs at
different beam charges. Input signal is forced to zero.
The position error introduced by the Spark electronics
has been measured for the Linac and LTB BPMs by adding up the signal recorded by the 4 BPM-buttons. Thus,
the expected position reading of the electronics should be
zero. For a 0.2 nC beam in MBM mode, which is the
Linac charge used during user operation, the error introduced by the electronics in the horizontal position is below 50 microns (200 microns pk-pk) in all BPMs, see Fig.
2. The measurement error decreases down to 10 μm (rms)
when the beam charge is increased up to 1nC.

Figure 1: Layout of the Linac-To-Booster transfer line, where the BPMs, YAG screens and BCMs have been indicated.
MC2: Photon Sources and Electron Accelerators
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SUPERCONDUCTING LINAC DESIGN UPGRADE IN VIEW OF THE
100 MeV MYRRHA PHASE I*
F. Bouly†, M. Baylac, Laboratoire de Physique Subatomique et de Cosmologie,
Université Grenoble-Alpes, CNRS/IN2P3, Grenoble, France
A. Gatera, SCK-CEN, Mol, Belgium
D. Uriot, CEA Saclay/DRF/IRFU, Gif-sur-Yvette, France
Abstract
The goal of the MYRRHA project is to demonstrate the
technical feasibility of transmutation in a 100 MWth Accelerator Driven System by building a new flexible irradiation
complex at Mol (Belgium). The MYRRHA facility requires a 600 MeV accelerator delivering a maximum proton current of 4 mA in continuous wave operation, with an
additional requirement for exceptional reliability. Supported by SCKCEN and the Belgium government the project has entered in its phase I (MINERVA): the construction
of the linac first part, up to 100 MeV. We review the design
updates of the superconducting linac.

CONTEXT
MYRRHA (Multi-purpose Hybrid Research reactor for
High-tech Applications) is a fast spectrum research reactor
that is planned to be operational around 2033 at SCK●CEN
Mol (Belgium) [1]. The facility is especially designed to
demonstrate the feasibility of high-level waste transmutation with an Accelerator Driven System (ADS). MYRRHA
requires a powerful proton accelerator (600 MeV, 4 mA)
operating in CW mode. The accelerator must, above all,
fulfil very stringent reliability requirements to ensure the
safe ADS operation with a high level of availability. The
actual maximum limit is set to 10 beam interruptions
(longer than 3 seconds) per 3-month operating cycle.
The conceptual design of such an ADS-type accelerator
has been initiated during previous EURATOM Framework
Programmes (PDS-XADS and EUROTRANS projects)
and consolidated in the MAX project** [2] [3]. It is a linac
based solution (see Figure 1) that brings good electric efficiency thanks to the use of superconductivity and high potential for reliability by the use of several redundancy
schemes. It is composed of two distinct sections.
A low energy (normal conducting) injector where a
30 keV beam is transported through the Low Energy Beam
Transport line (LEBT) [4] and matched to a 176 MHz 4rod RFQ [5]. The 1.5 MeV bunched beam at the RFQ output is then accelerated up to 16.6 MeV by CH-cavities [6].
In the injector modularity and fault tolerance are not easily
applicable because of the low beam velocity. Here redundancy is applied in its parallel form, and so two similar
compact injectors with fast switching capabilities are foreseen. A medium and high energy section (main SC linac),
___________________________________________

* Part of this work is supported by the European Atomic Energy Community’s (EURATOM) H2020 Programme under grant agreement n°662186
(MYRTE project).
† frederic.bouly@lpsc.in2p3.fr
** FP7 projects: MAX R&D under grant agreement n° 269565
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highly modular, based on individual, independently controlled accelerating superconducting cavities. In this section, serial redundancy is applied to guarantee a strong tolerance to faults, thanks to a fault compensation scheme [7]:
a cavity fault is mitigated locally and taken over by retuned
adjacent cavities.
The MYRRHA construction is now following a phasing
approach. The first phase consists in building and operating
the linac limited to a 100 MeV final beam energy [8]. The
principle aim of phase I is to experimentally investigate the
feasibility and efficiency of the linac reliability and fault
tolerance schemes. It is foreseen to transport the 100 MeV
beam to different irradiation stations to produce innovative
medical radioisotopes and radioactive beam with an ISOL
production target for innovative medical radioisotopes.
MINERVA corresponds to the phase I of the project that
combines: the 100 MeV linac, the target station and the associated services and buildings.

Figure 1: MYRRHA & MINERVA linac scheme.

SC LINAC ARCHITECTURE
The architecture of the SC linac is summarised in Table 1. It is composed of an array of independently-powered
superconducting cavities with high energy acceptance and
moderate energy gain per cavity (low number of cells and
very conservative accelerating gradients), the goal being to
increase as much as possible the tuning flexibility and to
provide sufficient margins for the implementation of the
fault-tolerance scheme. Three distinct cavity families are
used to cover the full energy range: single and double
spoke (ESS type) cavities at 352.2 MHz and 5-cells elliptical cavities at 704.4 MHz. Such a choice is based on the
results of a longitudinal optimisation using the GenLinWin
simulation code [9].
Compared to the previous design [3] it has been decided
to: use ESS double-spoke cavities [10] in section #2, to decrease the synchronous phases of the first cavities and to
increase the nominal accelerating gradient, especially in
section #1. Such choices are the result of errors studies
MOPTS003
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2ND ORDER OPTICS SYMMETRISATION THROUGH OFF-ENERGY
ORBIT RESPONSE MATRIX ANALYSIS
D. K. Olsson∗ , Å. Andersson, M. Sjöström, MAX IV Laboratory, Lund University, Lund, Sweden
Abstract

THE CHROMATIC FUNCTIONS
The first derivative of the beta functions with respect to the
relative momentum deviation, referred to as the chromatic
functions in this paper, are given by [2]:
dβ
β(s)
×
(s) =
dδ
2 sin 2πν0
∫ s+L
β(ζ)(k(ζ) − m(ζ)ηx (ζ))×
s


cos 2ν0 (ϕ(s) − ϕ(ζ) + 2π) dζ

Figure 1: Location of sextupoles in an achromat of the MAX
IV 3 GeV storage ring [3]. Sextupoles within the same family
are connected in series within each achromat.

METHOD AND SIMULATIONS
Off-Energy Orbit Response
Since β and η in Eq. (1) are functions of δ the approximate
linearity of the Off-Energy Orbit Response (OEOR) of the
MAX IV 3 GeV ring was investigated in simulation. In Fig.
2 it can be clearly seen that the OEOR is approximately linear
up to a relative change of > 50 % of the nominal sextupole
strength.
6

[mm/Aδ]

The MAX IV 3 GeV storage ring lattice contains several strong sextupoles. In order to achieve nominal lattice
performance it is important to be able to characterise and
correct the higher order magnets and optics of the lattice.
This has been done through the analysis of the Off-Energy
Response Matrix (OEORM). Its approximate linearity in
sextupole strength has been utilised to identify sextupole
errors, as well as symmetrise the 2nd order optics. The symmetrisation was able to correct chromaticity, and increase
horizontal acceptance by 50 %, compared to magnet settings
based solely on rotating coil measurements. An approximate
decrease of 10 % in vertical acceptance was detected. This
work was inspired by similar investigations at ESRF [1].
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Figure 2: Simulated maximum OEOR in any BPM plotted
against the relative change of the strength of a sextupole for
each sextupole family.

where ϕ is the phase advance and ν0 is the unperturbed tune.
Note that the chromatic functions are linear in sextupole
strength m. In addition, the sensitivity of the chromatic
function to a change of sextupole strength in a certain magnet
is dependent on the product of the beta function and the
horizontal dispersion at the location of the magnet.

The linearity of the OEOR also depends on the magnitude
of the change in momentum. As the change in momentum
increases, the linearity of the OEOR with sextupole strength
deteriorates. Based on this alone, it is preferable to choose a
as small as possible change in momentum. However, when
including BPM noise, a very small change in momentum has
a poor signal-to-noise. For every sextupole magnet, there
exists a change in momentum for which the residual of a
linear fit is minimised, as seen in Fig. 3. Empirically, a
100 Hz change in accelerating momentum was chosen for
both simulation and measurements of the OEOR.

THE MAX IV 3 GEV LATTICE
The MAX IV 3 GeV storage ring has a 20-fold symmetry.
Each of the 20 achromats contain five sextupole families,
three focusing and two defocusing. All sextupoles are chromatic, meaning that they will contribute to the chromatic
functions according to Eq. (1). The SDend, SFi, SFo, and
SFm families consist of two magnets connected in series,
while the SD family consists of ten. In achromat 8, one
of the SFi circuits is split up for BPM offset experiments,
resulting in a total of 101 sextupole circuits. The location of
the sextupoles in each achromat can be seen in Fig. 1.
∗

david_k.olsson@maxiv.lu.se
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2nd Order Optics Symmetrisation
From the OEOR of every dipole corrector an Off-Energy
Orbit Response Matrix (OEORM) can be constructed. It
was measured by taking the difference between two orbit response matrices measured at accelerating frequencies
±50 Hz from nominal.
An array of normally distributed sextupole strength errors
with a STD of 4 % of the nominal values were introduced to
the sextupole circuits of the model. Using a Gauss-Newton
fitting procedure the OEORM of the nominal model could be
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STATUS OF THE SPIRAL2 PROJECT
P. Dolegieviez, R. Ferdinand, X. Ledoux, H. Savajols, F. Varenne, GANIL, Caen, France
Abstract
The SPIRAL2 facility at GANIL will use a high-power
p, d and heavy-ion superconducting linac for a wide range
of applications including RIB production using both ISOL
and in-flight techniques. The SPIRAL2 phase 1 deals with
the high-power superconducting linac with two experimental areas called “Neutrons for Science” (NFS) and “Super Separator Spectrometer” (S3). The low energy experimental hall DESIR, under construction, will further increase the possibility for physics experiments. All the linac
is installed, the commissioning of the injector part (two
sources and the A/Q = 3 RFQ) and two cool down of the
entire superconducting linac have been successfully done.
We are now in the linac beam commissioning phase. The
project scope and parameters, the constraints linked to the
safety rules, the accelerator, NFS, S3 and DESIR status and
the planning will be presented.

INTRODUCTION
The SPIRAL2 project was officially launched at GANIL
in May 2005. This project was carried out within the framework of a large collaboration of French (CEA, CNRS) and
international laboratories.
The decision to conduct the construction in two phases
was taken in 2008. The first phase concerns the accelerator
and two associated experimental rooms (NFS and S3), the
second phase the RIB “production facility” and the DESIR
experiment hall (Fig. 1). The construction of the production part was put on hold in 2013.

Figure 1: SPIRAL2 project and GANIL cyclotrons.
The first beam commissioning tests started in 2014 for
the injector with a partial authorization by the nuclear
safety authority (W < 0.75 MeV/A). In parallel the cryogenic system of the superconducting linac has been fully
tested and optimized. The injection in the linac is now conditioned by the authorization of the nuclear safety authority
and by the commissioning of the systems guaranteeing the
installation safety functions.

INSTALLATION AND COMMISSIONING
The layout of the SPIRAL2 driver takes into account a
wide variety of beams to fulfill the physics requests. The
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high power CW superconducting linac delivers up to 5 mA
proton and deuteron beams or 1 mA A/Q < 3 ion beams
(Table 1). Our major challenges are to handle the large variety of beam characteristics (particle types, beam currents
from few μA to few mA, wide energy range), the high
beam powers (up to 200 kW CW) and the safety issues.
Table 1: Beam Specifications
Particles
A/Q
Max I (mA)
Max energy (MeV/A)
Max beam power (kW)

H+
1
5
33
165

D+
2
5
20
200

ions
3
1
15
45

option
6
1
8.5
51

Project Key Dates
Nov. 2012 : start of accelerator equipment installation in
the building [1]. Sept 2014 : building reception. Dec 2014 :
first LEBT beam. Dec 2015 : first RFQ beam (pulsed,
4.8 mA proton beam, 100% transmission). Jan 2017 : end
of linac installation. Nov 2017 : linac cool down [2, 3]. Aug
2018 : end of injector qualification (p, He, O) [4]. Nov
2018 : end of injector beam tests, MEBT installation. April
2019 : linac ready for RF commissioning.
We are now waiting the authorization of the French Nuclear Safety Authority to start the SC linac RF conditioning
and to begin the beam commissioning. July 2019 is the objective date with reasonable chance.

Strategy, Planning Optimization
Most of the accelerator components were tested and validated in the partner labs ahead of their installation in the
GANIL site (ion sources and LEBT, magnets and cryomodules…). Ref. [5] describes the integration of the accelerator
processes, construction of the building and process connections. The accelerator installation before the end of the
building construction required protection of premises
against dust and a strong management of co-activities.
The commissioning of equipment and beam test before
the end of the accelerator installation was researched
thanks to a Nuclear Safety Authority partial authorization
and a zoning of the activities.
This strategy paid off, mainly because it allowed us to
anticipate the identification of non-compliances and to
remedy them, limiting planning impacts.

REX OF INSTALL/COMMISSIONING
Several manufacturing defects were detected during the
installation phase and had a big impact :
x Internal corrosion of vacuum chambers due to a noncompliance with the welding procedures (see Fig. 2)
x Non-compliance of sealing flanges difficult to detect
during the receipt in the factory.
x Dimensional specifications not respected (insufficient
dimensional checks, valve boxes for example).
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FINAL RESULTS OF THE SPIRAL2 INJECTOR COMMISSIONING
R. Ferdinand, M. Di Giacomo, H. Franberg, J-M. Lagniel, G. Normand, A. Savalle,
GANIL, Caen, France
D. Uriot, CEA IRFU, Saclay, France
Abstract
The SPIRAL2 injector, made up of a 5 mA p-d ion
source, a 1 mA heavy ion source (up to A/Q = 3) and a CW
0.75 MeV/u RFQ, has been commissioned in parallel with
the superconducting linac installation. This commissioning
is successfully completed now and the Diagnostic plate (Dplate) used to characterize the injector beams is removed.
This paper presents the results obtained with the reference
particles (H+, 4He2+, 18O6+ and 40Ar14+) and a comparison
with the simulations. The connexion to the SC linac and the
future linac beam commissioning is briefly described.

INTRODUCTION
The layout of the SPIRAL2 accelerator takes into account a wide variety of beams to fulfil the physics requests
[1]. It is a high power CW superconducting linac delivering
up to 5 mA proton or deuteron beams or 1 mA ion beams
with A/Q ≤ 3. Our first challenge is to handle a large variety of beams with different characteristics: beam currents
ranging from few µA to several mA, beam energies from
0.75 to 20 MeV/u, beam powers up to 200 kW, pulsed
mode or CW. Another challenge is to handle the safety issues, especially with the deuteron beam.
The first commissioning phase has concerned the injector made up of the two ion sources, the LEBT lines (Fig.1)
and the RFQ.

source delivered only up to 0.8 mA CW. For this A/Q = 3
beam the RFQ vane voltage is 114 kV (1.65 Kilpatrick).

RFQ PERFORMANCES
Stable operation of the RFQ at high vane voltage was not
easy to achieve [2] but recent improvements of the LLRF
and cavity conditioning procedure lead to an availability
above 95% at 114 kV. We now observe about 1 spark every
4 hours with sometime up to 4 min to recover 114 kV, the
spark rate is expected to decrease with time.

DIAGNOSTICS
Three quadrupoles, one rebuncher and a D-Plate (Fig. 2)
were installed behind the RFQ to tune the beam transport
in both transverse and longitudinal planes and to measure
its characteristics. It allowed to measure:
• Intensities with Faraday cups, ACCT and DCCT,
• Transverse profiles with classical multi-wire profilers
and ionization gas monitor (MIGR),
• H and V transverse emittances with Allison type scanners,
• Energies with a Time of Flight (TOF) monitor,
• Phases with the TOF and the 2 BPMs,
• Longitudinal profiles with a Fast Faraday Cup (FFC),
and a Beam Extension Monitor (BEM),
• Beam position and ellipticity (𝜎𝜎𝑥𝑥2 − 𝜎𝜎𝑦𝑦2 ) with the
BPMs.
The diagnostics performances are given in [3, 4, 5, 6].

Figure 2: Injector scheme up to Diagnostic plate.

BEAM MEASUREMENTS
Figure 1: LEBT lines.
Three beams: p, He and O have been selected for measurement in order to best describe the injector performances.
For the 5 mA proton beam the RFQ vane voltage is only
50 kV. It is the easiest to produce (low RF power in the
RFQ cavity) but the most difficult to transport in the LEBT
due to the space charge forces.
4
He2+ was selected to mimic the future deuteron beam
without neutron production due to the d-d reactions. It also
allowed to test the heavy ion ECR source and LEBT1. For
this A/Q = 2 beam the nominal RFQ vane voltage is 80 kV.
The ultimate injector performances are for an A/Q = 3
beam up to 1 mA. The 18O6+ has been selected but the
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Transmission Measurements
The RFQ always work in CW mode from the RF point
of view, its design foresees 100% transmission for all particles. This 100% transmission has been measured for
5 mA H+, 2 mA 4He2+ and 0.8 mA 18O6+ pulsed and CW
beams and for a CW 25 µA 40Ca14+ beam. In Fig. 3 the
transmission curves are compared with the TraceWin/Toutatis [7] simulations as a function of vane voltage.
The 100% transmission of a CW A/Q = 3 beam at nominal
voltage was a major step for the RFQ cavity validation.
Fig. 4 shows that for the A/Q = 3 beam the RFQ transmission rises from 93 to 100% rising the vane voltage from
105 to 114 kV.
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SARAF EQUIPPED CAVITY TEST STAND (ECTS) AT CEA
O. Piquet, C. Boulch, R. Braud, P. Carbonnier, D Chirpaz, G. Ferrand, F. Gohier, F. Gouit, P. Guiho,
T. Joannem, L. Maurice, G. Monnereau, A. Perolat, T. Plaisant, J. Plouin, P. Sahuquet, N. Solenne,
IRFU, CEA, University Paris-Saclay, France
Abstract
CEA is committed to delivering a Medium Energy Beam
Transfer line and a Super Conducting Linac (SCL) [1] for
SARAF accelerator in order to accelerate 5 mA beam of
either protons from 1.3 MeV to 35 MeV or deuterons from
2.6 MeV to 40.1 MeV. The SCL consists in 4 cryomodules
separated by warm section housing beam diagnostics. The
two first identical cryomodules host respectively 6 and 7
half-wave resonator (HWR) low beta (0.091) cavities
176 MHz. In order to test the cavity with its tuner and coupler and validate some design consideration, the Equipped
Cavity Test Stand (ECTS) has been designed and will be
presented.

• A thermal shield which limits the radiation heat flux
on the cold parts. It is cooled with liquid nitrogen
• A magnetic shield made of mu-metal sheets fixed on
the inner surface of the vacuum vessel to protect the
cavity from the ambient magnetic field. The design of
this shield allows a goal of a maximum of 2 µT at the
HWR surface by using 2 mm thick mu-metal sheets.

INTRODUCTION
In addition to the vertical test for individual HWR qualification, the validation tests of the two different accelerating units (low and high beta HWR equipped with its tuner
and power coupler), take place in a dedicated cryostat before the series production and the start-up of cryomodule
assembly. These tests will provide benchmark data for the
cavity behaviour (RF, mechanical, field probe, tuner calibration…) and will allow performing preliminary testing
of some components of the SCL Linac: RF source, Local
Control System (LCS) components and instrumentation.

TEST-STAND AT SACLAY
For these tests, a dedicated test stand has been installed
on Supratech Cryo/HF area at CEA-Saclay. It is made of a
176 MHz 10 kW solid state RF source, a dedicated and
new cryostat, a biological protection and 2 cabinets for the
local control system and instrumentation.

ECTS Cryostat
This new cryostat (Fig. 1) is connected to Supratech
Cryo/HF installation in order to benefit from the already
existing cryogenic distribution It mainly consists of:
• A vacuum vessel which supports the cavity / coupler
assembly and insulates the cold parts from room temperature. The cavity is hung on the top lid of the vessel
using four titanium alloy rods to limit the heat load on
the cold parts.
• A phase separator is hung from the top plate through
four vertical titanium alloy TA6V rods. This separator
separates the gas and the liquid helium and keeps the
cavity helium tank completely full of LHe. The separator has five cryogenic interfaces: with overpressure
safety devices, the return GHe line, LHe filling transfer tube and the equipped cavity
MOPTS007
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Figure 1: ECTS cryostat.

LCS and Instrumentation
The supervision software to control the test bench (called
LCS) is implemented using EPICS 3.15. Experiments
measurements and controls are archived continuously using EPICS Archiver Appliance [2]. A single EPICS IOC
controls the whole bench, managing acquisition, configuration and automatic conditioning. This IOC runs on a
IOxOS IFC1210 VME card, and performs the high speed
acquisitions ADC3111 mezzanine card (8 channels ADC
16-bit 250 Mps).
A Siemens 1500 PLC is used to run the logic of sensitive
aspect such as the tuner motor, the vacuum and cryogenic
processes. The PLC and the EPICS IOC communicate using Modbus (to send commands to the PLC) and S7PLC
(to send status and measurements to the IOC) protocols.
This system allows acquisition of RF signals (forward
and reflected powers and the cavity voltage) and monitoring of multipactor and spark-induced light emissions close
to the coupler windows. These two last measurements are
also compared to adjustable threshold and then used to
drive a fast interlock input of the RF source in order to stop
RF in less than 20 µs.
The same instrumentation (hardware and software) will
be used on the SCL.
MC4: Hadron Accelerators
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ESS RFQ: CONSTRUCTION STATUS AND
POWER COUPLERS QUALIFICATION
O. Piquet, A.C. Chauveau, D. Chirpaz-Cerbat, M. Desmons, A. Dubois, A.C. France, A. Gaget,
P. Hamel, Y. Le Noa, L. Napoly, M. Oublaid, G. Perreu, B. Pottin, IRFU, CEA, University ParisSaclay, France
Abstract
The 352 MHz Radio Frequency Quadrupole (RFQ) for
the European Spallation Source ERIC (ESS) will be delivered during 2019. It is provided by CEA, IRFU, Saclay/France. It consists of five sections with a total length
of 4.6 m and accelerates the proton beam from 75 keV up
to 3.6 MeV. It will be fed with 1.6 MW peak power
through two coaxial loop couplers. This paper will present
the manufacturing status of the five sections and the qualification test of the RF power couplers.

sembly of the 4 vanes and ports (Fig. 1) are done in one
brazing step (copper-copper brazing, under 1000 °C).
A considerable amount of metrology checks with several 3D measurements have been performed during manufacturing in order to assess that the fabrication was progressing well according to the tolerances. For the same
reason, particular attention has been put into the RF beadpull measurements, which were performed at each step of
the assembly phase: mechanical assembly, before brazing
and at reception.

INTRODUCTION
Involved in the ESS Project, CEA is in charge of the
Radio-Frequency Quadrupole (RFQ) design, manufacturing, installation and conditioning at ESS (Lund) [1].
The RFQ for the ESS accelerator is composed of 5 sections, assembled using positioning pins, RF seals and Helicoflex seals. The RFQ is also equipped with [2]:
 60 tuners,
 2 RF power couplers (4 coupler ports in total),
 10 turbomolecular pumps (36 vacuum ports in total),
 22 pick-up, including 2 for LLRF,
 80 cooling connectors on 40 cooling plates.
The two power couplers, that will feed the RFQ with a
maximum of 1.6 MW peak power have been successfully
manufactured, assembled and tested on a dedicated test
stand [3].

RFQ FABRICATION
RFQ Manufacturing
For the construction of the 5 sections of the RFQ we
adopted a conservative construction procedure (with the
lessons learnt of IPHI RFQ construction [4]) and with a
very detailed quality control for all the steps. All the
vanes are from the same casting to have identical properties. They undergo several heat treatments (annealing,
stress relieving) at different steps of the manufacturing
process to avoid any stress or constraint in the material.
Moreover, a HIP (High Isostatic Pressing) treatment has
also been done for the RFQ of ESS to avoid any millimetric shrinkage defect or porosity in the copper.
RFQ vanes (2 called major and 2 called minor for each
section) are machined with a precision of 20 μm, and then
positioned and brazed with a 30 μm precision (Fig.1),
according to beam dynamics and RF designs results.
Ports (vacuum, tuner, pick up or coupler port) are firstly
built using bi-metal brazing between the copper tube and
the stainless steel flange (above 1000 °C). Then the asMC4: Hadron Accelerators
A08 Linear Accelerators

Figure 1: Major vane and finished section.

Receptions Tests
At CEA Saclay vacuum leak test and beadpull measurements are performed in the framework of the Site Acceptance Tests (SAT).
According to ESS specification, no helium leak higher
than 1.10-10 mbar.l.s-1 shall be detected. Global leak tests
have been performed at CEA-Saclay after transport (and
compared with the done just after brazing). Figure 2
shows section 3 under leak test.
This global leak test is carried out just after hydraulic
tests of the cooling channels which are filled with helium
at 10 bars during pressure test.

Figure 2: Leak test of section.
The evolution of the manufacturing errors is also traced
with RF bead-pull measurements, in particular by looking
MOPTS008
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Abstract
The spin vector of a particle injected into a perfectly
aligned storage ring precesses about the vertically-orientated
guide ﬁeld. In the presence of an Electric Dipole Moment
(EDM), the spin precession axis acquires a proportional radial component. However, in an imperfect ring, rotational
magnet misalignments induce a radial component to the spin
precession axis, related to the Magnetic Dipole Moment
(MDM). In the Frequency Domain Method, this additional
precession is dealt with by consecutively injecting the beam
in opposite directions, and constructing the EDM estimator
as the sum of the clockwise and counter-clockwise vertical
plane precession frequencies. Since the radial MDM component changes sign when the magnetic ﬁeld direction is
reversed, it cancels in the sum, leaving only the EDM eﬀect.
In order to reproduce the guide ﬁeld magnitude with a precision suﬃcient for the cancellation of the MDM eﬀect, we
propose to calibrate the guide ﬁeld via the horizontal plane
precession frequency. In the present work we describe the
algorithm of the ﬁeld ﬂipping procedure, and do a numerical
simulation.

SPIN DYNAMICS IN A STORAGE RING
The dynamics of a spin-vector s in a magnetic ﬁeld B and
an electrostatic ﬁeld E is described by the Thomas-BMT
equation. Its generalized version, accounting for the eﬀect
of the particle’s electric dipole moment, can be written in
the rest frame as:
ds
= s × (Ω M D M + ΩE D M ) ,
dt

(1a)

where the magnetic (MDM) and electric (EDM) dipole moment angular velocities Ω M D M and ΩE D M
ΩM D M
ΩE D M





1
q
E×β
GB − G − 2
,
=
m
c
γ −1


qη E
+β×B .
=
m2 c

(1b)
(1c)

In the above equations, m, q, G = (g −2)/2 are, respectively,
the mass, charge, and anomalous magnetic moment of the
particle; β = v0/c is its normalized speed; γ its Lorentz-factor.
q
The EDM factor η is deﬁned by the equation d = η 2mc
, in
which d is the particle EDM, s its spin.
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The original method for the measurement of the electric
dipole moment of an elementary particle was ﬁrst proposed
by the Storage Ring EDM Collaboration [1] of Brookhaven
National Laboratory. In the proposed method, [2] a
longitudinally-polarized beam is injected into a storage ring
designed on the basis of the Frozen Spin (FS) concept: by
GB cβγ 2

y
applying a radial electric ﬁeld Er = 1−Gβ
2 γ 2 , [2, p. 10]
the MDM component in (1a) is set to zero: Ω M D M = 0.
Then, any tilting of the beam polarization vector out of the
horizontal plane is attributed to the presence of an EDM;
speciﬁcally, the vertical component Py grows as

Py = P

Ωedm
sin (Ωt + Θ0 ) ≈ PΩE D M · t,
Ω


where Ω = Ω2E D M + Ω2M D M . [2, p. 8]
This method has two inherent weaknesses, due to the
smallness of the hypothesized EDM value: a) the expected
polarization tilt angle after 1,000 seconds is on the order of
microradians, [2] which makes for diﬃcult polarimeμ E 
try [3, p. 6] and b) the main systematic eﬀect, Ωsyst ≈ cβγy2
(μ being the MDM of the particle) [2, p. 10] must be reduced
to less than ΩE D M if one is to measure the polarization tilt
angle. The systematic error is caused by accelerator element
alignment error. For a practical value of 100μm of element
installation uncertainty, this means a Ωsyst on the order of
50 rad/sec. [4]
Both these problems can be mitigated if the net spin precession frequency is used as the EDM observable.

FREQUENCY DOMAIN METHOD
The Frequency Domain Methodology (FDM) [4] was designed speciﬁcally to address the problem of element alignment uncertainty. The FS condition condition is fulﬁlled
as in the BNL method; however, instead of the polarization
tilt angle, the combined MDM+EDM precession frequency
is measured in two cases: once when the beam is injected
clockwise, and once counter-clockwise. The EDM-eﬀect is
extracted by comparing the measured frequencies. When
the guide ﬁeld polarity is reversed B → −B, β → −β, and
E → E, precession frequency components change thus:
/CCW
D M ,CW /CCW
= ΩxM D M ,CW /CCW + ΩE
,
ΩCW
x
x

ΩxM D M ,CW = −ΩxM D M ,CCW ≡ ΩxM D M ,
D M ,CW
D M ,CCW
DM
ΩE
= ΩE
≡ ΩE
,
x
x
x

(2a)
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Abstract
The spin precession axis of a particle involved in betatron
motion precesses about the invariant spin axis deﬁned on
the closed orbit (CO). This precession can be observed in
polarization data as a rapid, small-amplitude oscillation on
top of the major eﬀect oscillation caused by the precession
of spin about the CO axis. The frequency of this latter oscillation is used in the Frequency Domain (FD) methodology
as the EDM observable. It is estimated by ﬁtting polarimetry
data by a sine function; the rapid oscillations, therefore, constitute a model speciﬁcation error. This model error might
introduce a bias into the frequency estimate. In the present
work we investigate the eﬀect of the spin precession axis motion on measurement data and ﬁt quality, and conclude that
it is not only insigniﬁcant (with regard to data perturbation)
compared to spin tune variation, but is also controllable via
the application of a Spin Wheel.

FREQUENCY DOMAIN METHODOLOGY
Frequency Domain (FD) [1] is a Storage Ring method of
search for the Electric Dipole Moment (EDM) of a fundamental particle. [2] It belongs to the Frozen Spin [3] category
of such methods, i.e., the Magnetic Dipole Moment (MDM)
component of spin precession is minimized. However, the
original Frozen Spin method proposed in [3] is a Space Domain method [4, p. 4]: inferences about the EDM are drawn
from the change of orientation of the polarization vector, as
measured by the angle between its initial and ﬁnal orientations. This approach has the following problems: a) it puts
very stringent constraints on the precision of the accelerator
optical element alignment, and b) it poses a challenging task
for polarimetry. [5, p. 6]
The former is to minimize the magnitude of the vertical
plane MDM precession frequency [3, p. 11]
ωsyst ≈

μEv 
,
βcγ 2

(1)

induced by ﬁeld imperfections. The latter is due to the requirement of detecting a change of about 5 · 10−6 to the cross
section ε LR in order to get to the EDM sensitivity level of
10−29 e · cm. [3, p. 18]
EDM search methods in the Frequency Domain circumvent the above problems: EDM inferences are based on
measurments of the EDM contribution to the spin precession angular velocity. The polarization vector is made to roll
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about a nearly-constant, deﬁnite direction vector n̄, with an
angular velocity that is high enough for the beam polarization to be easily measureable at all times. This “Spin Wheel”
may be externally applied [6], or otherwise the machine
imperfection ﬁelds may be utilized for the same purpose
(wheel roll rate determined by equation (1)). [1] The latter
is made possible by the fact that ωsyst changes sign when
the beam revolution direction is reversed. [3, p. 11]
The frequency of oscillation of the vertical polarization
component Py is estimated via ﬁt of the model
f (t) = a · sin(ω · t + δ),

(2)

to polarimetry data.

PROBLEM STATEMENT
Consider the case of a single particle beam. The solution
of the T-BMT equation for the vertical spin-vector component has the general form

ω y ωz  2  ω x  2
+
· sin (ω · t + δ) , (3)
sy (t) =
ω
ω2
where ω = (ωx , ωy , ωz ) is a function of time as a result of
betatron motion.
Using ω = 2π frev νs n̄ [7, p. 4], equation (3) can be reformulated in terms of spin tune νs and invariant spin axis
n̄:


2
sy (ntur n ) = n̄y n̄z + n̄2x · sin (2πνs · ntur n + δ) , (4)
where n̄ = n̄(ntur n ) and νs = νs (ntur n ) are functions of the
turn number ntur n .
Suﬃciently large variation of n̄ and/or νs can lead to
model speciﬁcation systematic error. Variation in νs is especialy problematic in this regard, as it directly aﬀects the
phase of the signal; however, this problem can be solved by
the introduction of sextupole ﬁelds into the system, as described in [8]. In this paper we will, therefore, be concerned
only with the n̄ variation.

SIMULATION
The simulation was set up as follows: a particle, oﬀset
from the design orbit in the vertical direction by 0.3 mm,
is injected multiple times into an imperfect Frozen Spin
lattice [9] utilizing sextupoles for the reduction of spin decoherence caused by vertical plane betatron oscillations [8].
Lattice imperfections are simulated by rotations of the E+B
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Abstract
Spin coherence refers to a measure of preservation of polarization in an initially polarized beam. The spin vector
of a particle injected into a storage ring starts to precess
about the vertical magnetic ﬁeld vector in accordance with
the Thomas-BMT equation. The precession frequency is
dependent on the equilibrium-level energy, which diﬀers
across the beam particles. This does not pose a problem
when the initial polarization is vertical; however, the Frozen
Spin Storage Ring EDM search method requires beam polarization along the momentum vector, i.e., in the horizontal
plane.
In the present work we analyze the source of decoherence,
and investigate the way it can be suppressed in the horizontal
plane in a perfectly aligned ring by means of sextupole ﬁelds.
We also consider the case of an imperfect ring: transference
of decoherence into the vertical plane induced by vertical
plane spin precession, and the eﬀect of sextupole ﬁelds.

SPIN DYNAMICS IN A STORAGE RING
The dynamics of a spin-vector s in a magnetic ﬁeld B and
an electrostatic ﬁeld E is described by the Thomas-BMT
equation. Its generalized version, accounting for the eﬀect
of the particle’s electric dipole moment, can be written in
the rest frame as:
ds
= s × (Ω M D M + ΩE D M ) ,
dt

(1a)

where the magnetic (MDM) and electric (EDM) dipole moment angular velocities Ω M D M and ΩE D M




E×β
q
1
ΩM D M =
GB − G − 2
,
(1b)
m
c
γ −1


qη E
+β×B .
(1c)
ΩE D M =
m2 c
In the above equations, m, q, G = (g −2)/2 are, respectively,
the mass, charge, and anomalous magnetic moment of the
v0
particle; β =
is its normalized speed; γ its Lorentz factor.
c
q
, in which
The EDM factor η is deﬁned by equation d = η 2mc
d is the particle EDM, s its spin.
In the standard formalizm one operates with the spin transfer matrix [1, p. 4]
t R = exp (−iπνs σ · n̄) = cos πνs − i(σ · n̄) sin πνs ,
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where νs = Ωs/Ωc y c , the ratio of the particle’s spin precession
frequency to its cyclotron frequency, is termed spin tune, and
n̄, termed the invariant spin axis, deﬁnes the spin precession
axis. They relate to the spin precession angular velocity as
in Ωs = ωcyc · νs n̄.

ORIGIN OF DECOHERENCE
Spin decoherence in a particle beam is a result of the
diﬀerence of the particles’ spin precession angular velocities
(Ωs ), which, in turn, is caused by the diﬀerence of their orbit
lengths.
The longitudinal dynamics of a particle on the reference
orbit in a storage ring is described by the system of equations:
 dΔϕ
= −ωRF ηδ,
dt
(2)
dδ
R F ωR F
= qV2πhβ
2 E (sin ϕ − sin ϕ0 ) .
dt
In the equations above, Δϕ = ϕ − ϕ0 and δ = (p − p0 )/p0
are the deviations of the particle’s phase and normalized
momentum from those of the reference particle; VRF , ωRF
are the amplitude and frequency of the RF ﬁeld; η = α0 −γ −2
is the slip-factor, where α0 is the momentum compaction
factor deﬁned by ΔL/L = α0 δ, L being the orbit length; h is
the harmonic number; E the total energy of the particle.
The solutions of this system form a family of ellipses in
the (ϕ, δ)-plane, all centered at the point (ϕ0, δ0 ). However,
if one considers a particle involved in betatron oscillations,
and uses a higher-order Taylor expansion of the momentum
compaction factor α = α0 + α1 δ, the ﬁrst equation of the
system transforms into: [2, p. 2579]
 


dϕ
ΔL
= −ωRF
+ α0 + γ −2 δ + α1 − α0 γ −2 + γ −4 δ2 ,
dt
L β

where

ΔL
L β

=

π
2L

εx Q x + εy Q y , is the betatron motion-

related orbit lengthening; εx and εy are the horizontal and
vertical beam emittances, and Q x , Q y are the horizontal and
vertical tunes.
The solutions of the transformed system are no longer
centered at the same single point. Orbit lengthening and
momentum deviation cause an equilibrium-level momentum
shift [2, p. 2581]



2 
γ02
δm
ΔL
α1 − α0 γ −2 + γ0−4 +
,
Δδeq = 2
L β
γ0 α0 − 1 2
(3)
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THE EXPERIMENTAL AREA AT THE ARES LINAC
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M. Trunk, CFEL and Department of Physics, University of Hamburg, Hamburg, Germany
Table 1: Target Electron Beam Parameters

Abstract
The ARES (Accelerator Research Experiment at SINBAD) linac at the accelerator R&D facility SINBAD (Short
innovative bunches and accelerators at DESY) will drive
multiple independent experiments including the acceleration of ultrashort electron bunches. In addition the linac
will host an experimental area, open for transnational access,
to study advanced high gradient, laser driven, acceleration
concepts, like the ones studied within the ACHIP (accelerator on a chip) collaboration. The area will be operational
autumn-2019. This paper will report on the current status of
the experimental area, including hardware parameters, beam
optics, achievable beam parameters, design of the experimental chamber and commissioning plans. The modification
plans for a micro-bunching experiment in the frame of the
ACHIP experiment and future upgrade plans will be shown
and discussed in detail.

INTRODUCTION
ARES Linac
SINBAD is a dedicated accelerator R&D facility in the
former DORIS tunnel at DESY Hamburg [1]. The goal
is to test advanced acceleration techniques, such as Laser
driven plasma Wake-Field Acceleration (LWFA), Dielectric Laser Acceleration (DLA) and THz driven acceleration,
in independent experiments. ARES at SINBAD is a linear
accelerator with a target energy of 50-160 MeV which is
currently in the construction and commissioning phase [2,3].
The facility will provide a low charge, remarkably short electron probe beam with excellent arrival-time stability. The
design parameters of the electron beam are summarised in
Tab. 1.
ARES consists of a normal conducting 2.998 GHz RF photoinjector sending the electron bunches to two S-band RF
cavities surrounded by four solenoids each. The travelling
wave structures (TWS) are powered by two independent RFstations. The ARES linac can accelerate the electron beam to
a maximum beam energy of 155 MeV in the on-crest mode.
A reduced final energy of 100 MeV is assumed since the
linac not only accelerates the beam but also serves to chirp
the bunch for bunch compression via velocity bunching and
using a magnetic chicane [4]. For dedicated experiments
the electron energy can be adjusted to 50 MeV. The gun
is currently under conditioning and the installation of both
linac cavities together with the solenoids is finished.
∗
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Beam energy
Bunch Charge
Number of bunches
Repetition Rate
Norm. emittance (rms)
Bunch length (rms)
Arrival time jitter

Unit

Value

MeV
pC
Hz
µrad
fs
fs

50 - 160
0.5 - 30
1
1 - 50
0.1 - 1
0.2 - 10
below 10

EXPERIMENTAL AREAS
Downstream of the TWS a longitudinal space of 4.2 m is
reserved for the first experimental area (EA). It consists of
an electromagnetic triplet structure, magnetic beam steerers,
beam instrumentation and an experimental chamber. The
EA is followed by the ARES matching section and the spectrometer setup [4]. In line with the upgrade plans for the
ARES linac within the ATHENAe project the experimental
area will move at a later stage to the ARES dogleg, freeing
the space for an energy upgrade of the linac. A sketch of
the ARES linac and the two positions of the experimental
area is shown in Fig. 2. The available space upstream of the
matching area for the first EA is shown in Fig. 1.

Figure 1: Picture of the space reserved for the first experimental area in the ARES tunnel.
A schematic layout of the experimental area is shown in
Fig. 3. Electrons exiting the second travelling wave structure
enter the EA from the right side, triplet magnets and correctors allow beam trajectory changes on the micrometer scale.
Beam size and position can be measured with a standard
ARES screen station [4]. Experiments have to be installed in
an UHV vacuum chamber, a laser beam line and breadboards
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FOS CAVITY OF THE ALVAREZ 2.0 DTL AS FAIR INJECTOR
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GSI Helmholtz Centre for Heavy Ion Research, 64291 Darmstadt, Germany
Abstract
The Alvarez 2.0 DTL will be the new post-stripper DTL
of the UNILAC at GSI. The existing GSI with its LINAC
and SIS18 comprise the main operation injector chain for
the Facility for Antiproton and Ion Research FAIR. The new
Alvarez-DTL has an operation frequency of 108.4 MHz,
an input energy of 1.358 MeV/u and the output energy is
11.4 MeV/u with a total length of 55 m. The presented FoS
section will be part of the first cavity of the Alvarez 2.0 DTL.
The FoS-cavity with 11 drift tubes (including quadrupole singlets) and a total length of 1.9 m will be copper plated in GSI
for high power tests. The design of the quadrupole singlet
magnet is finalized; a prototype of a fully functional magnet
with drift tube and stems will be fabricated within a design
study. Empty drift tubes and all components of the tank shall
be delivered 2019 for first low level RF investigations.

INTRODUCTION
The UNIversal Linear ACcelerator UNILAC (see Fig. 1)
at GSI (Helmholtzzentrum für Schwerionenforschung,
Darmstadt, Germany) will serve as main operation injector
for the Facility for Antiproton and Ion Research FAIR (see
Fig. 2 and [1]). The UNILAC is able to deliver ion beams
(proton up to uranium) for different experiments in parallel
(pulse-to-pulse switch mode) with individual ion species and
energies. The existing Alvarez-DTL has been already in operation for 40 years and the repair efforts increase particularly.
For the upcoming FAIR project an update of the UNILAC
in terms of high beam intensities, quality and high availability is required. The beam dynamics of the completely
new Alvarez-DTL (2.0) will fulfill these requirements [2] in
combination with an increased shunt impedance per surface
field on the drift tubes (Table 1) [3]. After low level measurements the First-of-Series (FoS) Alvarez-Cavity [4] will
be copper plated and RF power conditioned in 2020. The
FoS-Alvarez DTL is designed for being used as the first tank
for the new injector.
In parallel to the Alvarez 2.0 an UNILAC upgrade program is in progress [5]: a new quadrupole quadruplet magnet [6], new RFQ electrode design [7] and the vacuum control system at the UNILAC.

Figure 1: Schematic overview of the GSI UNILAC.
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Figure 2: Schematic overview of FAIR.
Table 1: Parameters for the Upgraded UNILAC
Parameter

Unit

Value

RF-frequency
A/q
Max. Current
Synchronous phase
Input beam energy
Output energy
Hor. emittance (norm., tot.)
Ver. emittance (norm., tot.)
Beam pulse length
Beam repetition rate
Alvarez-cavities
Drift tubes / cavity
Drift tube length
Drift tube diameter
Aperture

MHz

108.408
≤ 8.5
1.76×A/q
-30 / -25
1.358
3.0 – 11.4
≤ 0.8
≤ 2.5
≤ 1.0
≤ 10
5
21 – 54
109.9 – 327.0
180 – 190.3
30 / 35

mA
deg.
MeV/u
MeV/u
µm
µm
ms
Hz
#
#
mm
mm
mm

FOS ALVAREZ-DTL
The FoS-Alvarez Cavity (Table 2) [8] is the first tank being
part of the new post-stripper DTL of the UNILAC (Fig. 3).
The tank and the two end plates were fabricated at the company VA-TEC (Germany) [9] and the delivery is scheduled
for June 2019, after a factory acceptance test with the main
topics: dimensional check, vacuum and surface preparation.
The lower deviation of the tolerance for the inner diameter is
identical with the diameter in the CST-simulation [10] with
middle positions of all tuners (see details for the frequency
range in [4]) and the upper deviation was set to plus 2 mm.
After rolling the plate to a cylinder and welding the large end
flanges to that cylinder, the measured average inner diameter
is 0.8 mm larger as the lower tolerance. A possible frequency
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COMPRESSION AND NOISE REDUCTION OF FIELD MAPS
X. Du and L. Groening,
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
Errors from discretization and large data volume of
field maps are a concern for beam dynamics simulations
w.r.t. achievable accuracy and to the required amount of
time. High-order Singular Value Decomposition
(HOSVD) has recently emerged as simple, effective, and
adaptive tool to extract the essentials from multidimensional data. This paper is on the feasibility of compression and noise reduction of electromagnetic field map
data with HOSVD. The method has been applied to an
electric field map of a DTL cavity with 11 m in length
comprising 55 rf-gaps. The original field map data of
220 MB was converted into practically noise-free data of
just 20 KB. Noise was reduced by 95% as demonstrated
using a cubic cavity for which the analytical field map is
available.

Compressed and De-Noised Data
After this noise reduction the remaining de-noised data
is stored into the tensor A (A ≈ 𝐴 𝑎𝑛𝑑 𝐴 ∈ 𝑅 × ×⋯ )
expressed through
𝐴 = 𝑠 × 𝑢 × 𝑢 ⋯× 𝑢
Where 𝐴 contains the "recuperated from compressed"
(RC) data. It is supposed to be the data’s essence without
noise, as long as the thresholds 𝐶 is chosen properly.
Data compression is through storage of the trimmed data s
and 𝑢 instead of the initial data S and 𝑈 . For further
processing of the RC data, field components values f at
specific locations are needed. They are retrieved through

METHOD

𝑓

HOSVD is a multi-linear generalization of matrix SVD
to high-order tensors, and it can provide for adequate
preservation of the data's essentials through representation
of a tensor using appropriate bases [1,2].
The original field map stored in the 𝑁 order (𝐼 ×
𝐼 × ⋯ 𝐼 ) tensor A. It is decomposed with HOSVD and
expressed through the new base using the matrices (a set
of bases) 𝑈 ( ) as
𝐴 = 𝑆 × 𝑈( ) × 𝑈( ) ⋯ × 𝑈(

)

Where × denote the n-mode product treating n-mode
vectors of left tensor as horizontal vectors and multiplying with right side matrix. The n-mode SVD found a set
of orthogonal bases 𝑈 ( ) ∈ 𝑅 × , which is sorted according to their singular values. 𝑆 ∈ 𝑅 × ×⋯ is a tensor
with same size of A, i.e., the projection of A onto new
basis 𝑈 ( ) , 𝑈 ( ) … 𝑈 ( ) .

Data Trimming
The contents of the matrices 𝑈 ( ) are reduced by deleting from them the vectors (listed in the rows) that correspond to low singular values. Doing so the dimensions of
𝑈 ( ) are reduced. The cut pendants of 𝑈 ( ) are introduced
)×
with their amount of rows being
as 𝑢( ) ∈ 𝑅(
reduced to 𝐶 , i.e., the vectors corresponding to the lowest 𝐼 − 𝐶 singular values where removed since they are
attributed to noise and/or errors. Accordingly, the corresponding projections comprising the core tensor S need to
be deleted as well, hence cutting S to s. This is done by
reducing the "thickness" of S along dimension n by removing those layers along n that correspond to the rows
being deleted from 𝑈 ( ) .

⋯

=𝑠× 𝑢

( )

× 𝑢

( )

⋯× 𝑢

( )

The extraction of de-noised data is done through multilinear mapping rather than through time consuming
memory search. The efficiency of beam dynamic simulation codes can by improved accordingly.

APPLICATION
The method is applied to the electric field map of a drift
tube linac (DTL) cavity which is currently under design
for the upgrade of the Universal Linear Accelerator
(UNILAC) at GSI [3,4]. The map is from CST simulations [5] of the field between drift tubes.
The DTL cavity which serves as test bench for the
method comprises 55 cells. To each cell 201*41*41
(long.*hor.*ver.) mesh nodes are assigned. On each node
the electric field has three components (Ex, Ey, Ez). The
entire field map is stored as a 5th-order tensor and its
number of entries along each dimension is (n-cell, z-step,
x-step, y-step, spacial component). This tensor is referred
to as A in following sections. Accordingly, each scalar
field value is uniquely labelled by five numbers, namely:
cell, long./hor./ver. node, and spacial component. The
field map data of the whole cavity is stored into the 5thorder tensor 𝐴 ∈ 𝑅 × × × × .
The tensor A is decomposed by HOSVD as
𝐴 = 𝑆 × 𝑈( ) × 𝑈( ) × 𝑈( ) × 𝑈( ) × 𝑈( ),

where 𝑆 ∈ 𝑅 ×
𝑅 × , 𝑈( ) ∈ 𝑅
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×
×

×

×

,𝑈

( )

, 𝑈(
∈𝑅

)
×

∈ 𝑅 × , 𝑈( ) ∈
, 𝑈( ) ∈ 𝑅 × .
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STATUS OF OPERATION WITH NEGATIVE MOMENTUM
COMPACTION AT KARA
P. Schreiber∗ , T. Boltz, M. Brosi,
B. Haerer, A. Mochihashi, A. I. Papash, M. Schuh and A.-S. Müller,
Karlsruhe Institute of Technology, Karlsruhe, Germany
Abstract
For future synchrotron light source development novel
operation modes are under investigation. At the Karlsruhe
Research Accelerator (KARA) an optics with negative momentum compaction has been proposed, which is currently
under commissioning. In this context, the collective eﬀects
expected in this regime are studied with an initial focus on
the head-tail instability and the micro-bunching instability
resulting from CSR self-interaction. In this contribution, we
will present the proposed optics and the status of implementation for operation in the negative momentum compaction
regime as well as a preliminary discussion of expected collective eﬀects.

Figure 1: Calculated optics used for user operation at αc =
9 × 10−3 and 0.5 GeV. The bottom depicts the magnets,
quadrupoles in red, sextupoles in green and bends in blue.

INTRODUCTION
Understanding collective eﬀects and instabilities is critical to successful operation of synchrotron light sources and
therefore they are subject to ongoing investigations. Most
eﬀorts focus on machines and optics with a positive momentum compaction factor, which is deﬁned as
∮
Dx (s)
1
αc =
ds,
(1)
L
ρ(s)
where L is the circumference of the ring, Dx (s) is the dispersion and ρ(s) the bending radius along the ring. Only a
few experiments focus on a negative value of αc (e.g. [1–3]),
however for a thorough understanding of collective eﬀects
and instabilities, studies in this regime are also necessary.
As KARA is a synchrotron light source also used as accelerator test facility, it is possible to change the optics and
implement a negative momentum compaction factor. This
allows to extend the investigations on collective eﬀects and
instabilities into the regime of a negative value of αc .

LATTICE AND OPTICS
The injection energy into the KARA storage ring is
0.5 GeV. The storage ring itself is a ramping machine with
a variable operation energy between 0.5 GeV and 2.5 GeV
and a circumference of 110.4 m. The accelerating frequency
is 500 MHz and the harmonic number is 184.
The KARA lattice consists of a four-fold symmetry with
two double bend achromats (DBA) in each sector. The eight
resulting straight sections are ﬁlled with insertion devices,
the RF stations and the injection magnets. The double bend
achromats contain ﬁve families of quadrupole magnets, three
horizontal focusing and two defocusing.
∗
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Figure 2: Calculated optics for αc = 1 × 10−4 at 0.5 GeV. In
large parts the dispersion is negative.

Figure 3: Calculated optics for a negative value of αc =
−8 × 10−3 . In large parts the dispersion is negative.

At KARA, two operation modes have already been established. Standard operation at 2.5 GeV with a moderate value
of αc ≈ 9 × 10−3 and a short bunch mode at 1.3 GeV with
a reduced value of αc ≈ 1 × 10−4 [4]. To reduce the value
of αc , the integral in Equation 1 and therefore the integrated
dispersion has to be reduced. The dispersion and the beta
functions are shown in Figure 1 for the normal operation
and in Figure 2 for the short bunch operation. For the lower
αc value the dispersion has negative parts, while for the normal operation it is strictly above zero. More information on
diﬀerent operation modes at KARA can be found in [5].
The method used for establishing a negative αc injection
is described in the next chapter.
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FIRST ELECTRON BEAM
AT THE LINEAR ACCELERATOR FLUTE AT KIT

M. J. Nasse∗ , A. Bernhard, A. Böhm, E. Bründermann, S. Funkner, B. Härer, I. Kriznar,
A. Malygin, S. Marsching, W. Mexner, G. Niehues, R. Ruprecht, T. Schmelzer,
M. Schuh, N. Smale, P. Wesolowski, M. Yan, A-S. Müller,
Karlsruhe Institute of Technology, Karlsruhe, Germany
FIRST ELECTRON BEAM

Abstract
The irst electron beams were generated in the 7 MeV section of the short-pulse linear accelerator test facility FLUTE
(Ferninfrarot Linac- Und Test-Experiment) at the Karlsruhe
Institute of Technology (KIT). In this contribution we show
images of the electron beam on a YAG-screen (yttrium aluminum garnet) as well as signals from an integrating current
transformer (ICT) and a Faraday cup. Furthermore, the
progress of tuning the FLUTE electron bunches for experiments is presented.

INTRODUCTION
The Karlsruhe Institute of Technology (KIT), in close
collaboration with DESY (Hamburg, Germany) and PSI
(Villigen, Switzerland), is currently commissioning the low
energy section of the 41 MeV linear accelerator FLUTE (Ferninfrarot Linac- Und Test-Experiment). FLUTE is designed
as a dedicated test facility for accelerator physics and technology, as well as a broadband, short-pulse source for intense THz radiation [1, 2]. One particular goal is to test and
develop novel, compact diagnostics systems for future accelerators, especially for ultra-short bunches (fs or even sub-fs).
For example, as the irst experiment at FLUTE we are implementing a split-ring resonator (SRR) THz-streaking test
setup as a compact station for the longitudinal bunch charge
proile measurement [3–5]. This experiment is a close collaboration between PSI (Villigen, Switzerland), the University
of Bern (Bern, Switzerland) and KIT. It is partially supported by the European Union’s Horizon 2020 ARIES Trans
National Access program. For more details, see also [6].
The planned layout of the entire accelerator is shown in
Fig. 1. The low energy section from the gun to the irst
spectrometer with a nominal energy of 7 MeV is operational
and is being commissioned. This section mainly consists of:
the photo-injector gun, a solenoid magnet for focusing of the
generated electron beam, a irst BPM (beam position monitor), an ICT (integrating current transformer) to measure
the charge, a set of steering magnets, a quadrupole magnet
(planned to be used later for the energy spectrometer), the
split-ring resonator chamber, a dipole magnet later to be
used as spectrometer, another set of steering magnets and
BPM, and inally a screen station (see also Fig. 1 in [6]).
Currently, the straight beam pipe in this section ends with a
Faraday cup behind the screen station without connection to
the linac.
∗
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In this low energy section, irst laser-driven electrons were
recorded in May 2018 using the Ce:YAG-screen (ceriumdoped yttrium aluminum garnet) in the straight beam pipe
(see Fig. 2), the ICT and the Faraday cup (not shown). These
irst measurements were performed without a closed lowlevel radio frequency (LLRF) loop with an RF-power of
around 3 MW in the gun. In addition, the laser-to-RF synchronization was very coarse: we only synchronized the
ampliier pulse picking of the laser oscillator pulses to the
3 GHz-RF-power envelopes. In this way we could only make
sure that the laser pulse arrived somewhere within the RFpulse envelope that has a duration of around 4.5 µs, but there
was no reproducible correlation with the RF phase. Thus,
the correct phase was only randomly hit leading to an intermittently accelerated electron bunch.

Commissioning Progress
Since then the commissioning has continued, partly in
automated mode, reducing the dark current signiicantly:
• The circulator with a high insertion loss of −1.7 dB
was replaced with a new one with a signiicantly lower
insertion loss of −0.14 dB.
• In collaboration with DESY we closed the LLRF loop.
This led to a lower RF-power noise and a lat-top signal
on all gun cavities.
• The laser-to-RF synchronization was successfully implemented with the support of DESY, so that the laser
oscillator cavity is actively controlled via a slow motorbased and a fast piezo-based feedback loop. This led
to a phase-locking of the laser pulse to the 3 GHz-RF
phase, so that we generate accelerated electron bunches
reproducibly. The laser-to-RF timing jitter dropped to
around 110 fs (0.03% of a 3 GHz-RF cycle).
• The RF-power noise was considerably reduced from
around 2.2% down to 0.16% by synchronizing with the
50 Hz line-voltage and re-cabling of the klystron heater
supplies and grounds, see Fig. 3.

Recent Results
After these improvements, we can generate repeatable
laser-induced electron bunches reliably. A recent YAGscreen image can be found in [6]. The electron bunches
with a charge of a few pC in the following examples were
MC2: Photon Sources and Electron Accelerators
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END TO END SIMULATIONS AND ERROR STUDIES OF THE FAIR
PROTON LINAC
Hendrik Hähnel∗ , Ulrich Ratzinger, Marc Syha and Rudolf Tiede
Institute for Applied Physics, Goethe University, Frankfurt, Germany
Carl M. Kleffner, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Abstract
The FAIR proton linac is developed as the high current
proton injector for the future FAIR antiproton production
chain at GSI [1]. It will provide a 70 mA proton beam at
an energy of 68 MeV to the SIS18 synchrotron. The linac
consists of an ECR ion source, followed by a ladder RFQ and
a normalconducting linac based on CH-type cavities (see
Fig. 1). High beam currents and strict beam quality requirements were the main drivers for the beam dynamics design.
To ensure matching between the individual sections and validate the injector design as a whole, end to end simulations
were performed using TraceWin [2, 3] with 3D fieldmaps of
the CH-linac. In this paper, the final cavity design, as well
as the results of end to end simulations and error studies are
discussed.

Figure 1: Layout of the FAIR proton linac.
Following the ECR ion source, a novel ladder-RFQ [4, 5]
accelerates the protons up to 3 MeV. To reach the desired
end-energy of 68 MeV, six CH – type cavities are used in
combination with KONUS beam dynamics [6]. A diagnostics section with a 6-gap buncher is positioned in the middle
of the linac at 33 MeV. In total, 12 quadrupole triplets are
needed for transverse focusing along the CH-linac.

Figure 3: Effective voltage distribution of all six CH-type
cavities and two buncher cavities.

[7, 8], this had to be changed for ease of installation of the
internal triplet lenses. Now, the coupling cells have a flat
top and bottom shape and the top can be opened to insert
the lens (see Fig. 2). This has the positive side effect, that
maintenance of the internal triplet lenses is made easier.
Table 1: Final Cavity Parameters of the CH-Linac

Ploss [MW]
Pbeam [MW]
Ptot [MW]
Ze f f [MΩ/m]
Lt ank [m]
Ploss [MW]
Pbeam [MW]
Ptot [MW]
Ze f f [MΩ/m]
Lt ank [m]

CCH1

CCH2

CCH3

0.73
0.52
1.25
52.3
1.45

1.02
0.83
1.85
54.5
2.56

1.02
0.89
1.91
43.7
3.65

CH4

CH5

CH6

1.35
0.85
2.2
42
2.62

1.31
0.85
2.16
38.6
2.95

1.25
0.85
2.11
36.9
3.23

CH-TYPE CAVITY DESIGN

Figure 2: Vaccuum model of the third CCH-cavity.
The cavity design of all six CH-type cavities has been
finalized at IAP Frankfurt recently. The first three cavities
each include an internal quadrupole triplet lens. The lens
sits in a coupling cell in the center of the cavities. Therefore,
these cavities are called "Coupled CH-cavities", short CCH.
While the coupling cells initially had a cylindrical shape
∗
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However, the ramifications of these changes on the RF
design were not trivial. While the radius of the coupling
cell was increased to compensate for the lost volume due
to the lid, the distance between the lens top and the outer
tank wall was significantly reduced. Therefore, the coupling
cell geometry had to be carefully tuned to keep the desired
voltage distribution along with the mode separation to the
neighboring mode. The final voltage distribution for all six
CH-type cavities is shown in Fig. 3. In Addition, the final
cavity parameters are summarized in Tab. 1.

END TO END SIMULATIONS
To verify the beam dynamics design of the FAIR proton linac, end to end simulations were performed using
TraceWin. These simulations include the RFQ, as well as
the CH-linac section. The input beam was chosen to be a
4D waterbag in front of the RFQ with a total of 2.5 · 104

MOPTS019
885

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPTS020

STATUS OF THE FAIR PROTON LINAC
C.M. Kleffner*, S. Appel, R. Berezov, J. Fils, P. Forck, P. Gerhard, M. Kaiser, K. Knie,
A. Kraemer, C. Muehle, S. Puetz, A. Schnase, G. Schreiber, A. Seibel, T. Sieber,
V. Srinivasan, J. Trueller, W. Vinzenz, M. Vossberg, C. Will, GSI, Darmstadt, Germany
H. Hähnel, U. Ratzinger, M. Schuett, M. Syha, IAP, Frankfurt University, Germany
Abstract
For the production of Antiproton beams with sufficient
intensities, a dedicated high-intensity 325 MHz Proton
linac is currently under construction. The Proton linac
shall deliver a beam current of up to 70 mA with an energy of 68 MeV for injection into SIS18. The source is
designed for the generation of 100 mA beams. The LowEnergy Beam Transport line (LEBT) contains two magnetic solenoid lenses enclosing a diagnostics chamber, a
beam chopper and a beam conus. A ladder 4-Rod RFQ
and six normal conducting crossbar cavities of CCH and
CH type arranged in two sections accelerate the beam to
its final energy of 68 MeV. The technical design of the
DTL CH cavities is given and the commissioning measurements of the ion source are described. The construction and the procurement progress, the design and testing
results of the key hardware are presented.

beam has been characterized with different setting of the
LEBT solenoids and the ion source. An example measurement is shown in Fig. 2. Particle distributions drawn
from measurements with the Allison scanner have been
used for RFQ tracking simulations [6].

Figure 2: Ion source emittance scan at CEA.

OVERVIEW

LADDER RFQ

Figure 1 and Tab 1. shows the main properties and the
structure of the Proton Linac [1], [2], [3]. It will serve as
injector into the existing Heavy Ion Synchrotron (SIS) 18
for the research program with cooled antiprotons at the
facility of antiproton and ion research (FAIR) [4].

After assembly of the ring-electrode system and the assembly of the ladder structure inside the vacuum chamber
last year (Fig. 3), the ladder structure was adjusted to the
final frequency and flatness [7]. The RFQ design includes
the compensation of longitudinal entrance gap field effects [8]. The final assembly of all parts in preparation of
RF tests at GSI [9] will be performed during this year at
IAP Frankfurt.

Figure 1: Layout of the FAIR Proton Linac.
Table 1: Main Parameters
Particle
Proton (H+)
Ion source
95 keV
MEBT energy
3 MeV
CCH section
33 MeV
Final energy
68 MeV
Pulse current
70 mA
RF-frequency
325.224 MHz
Rep. rate
2,7 Hz

ION SOURCE AND LEBT
The commissioning of the Proton source is ongoing at
CEA, Saclay [5] and will be completed by the end of this
year. By means of AC current transformer, fast current
transformer FC, Wien filter (beam proportion) and Alison
Scanner (emittance measurements), the extracted Proton

Figure 3: View on the full length ring-electrode structure
(top) and the assembly of the ladder structure inside the
RFQ vacuum chamber (bottom).
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CURRENT STATUS OF THE MYRRHA CAVITIES
K. Kümpel, D. Bade, M. Busch, D. Koser, S. Lamprecht, N. F. Petry, H. Podlech, S. Zimmermann,
IAP, Goethe Universität Frankfurt, Germany
Abstract

The MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) Project [1] is a planned accelerator driven system (ADS) for the transmutation of
long-living radioactive waste. In order test the reliability of
the planned 17 MeV injector [2], a shortened injector with
5.9 MeV consisting of the ion source, a 4-Rod RFQ, 2
Quarter Wave Rebunchers (QWRs) and a total of 7 normal
conducting CH structures is currently being installed in
Louvein-la-Neuve (LLN, Belgium). Before the cavities
can be tested with beam, they are subjected to so-called low
power tests several times during the individual construction stages in order to be able to correct any deviations.
This paper describes the status of the two Quarter Wave
Rebunchers, which are currently in the process of copper
plating and final acceptance, as well as the first two CH
structures, the first of which is already being conditioned
while CH 2 is still in preparation.

STATUS OF THE QUARTER WAVE REBUNCHERS
The two identically designed Quarter Wave Rebunchers
have been manufactured by KRESS (Biebergemünd, Germany). In order to meet the required resonance frequency
of the structures exactly during construction, both the stem
and the outer tank have been built with an allowance of
several mm (see Figure 1). Since the frequency of the
QWRs essentially depends on the length of the inner conductor, i.e. the stem, the frequency was adjusted in several
iterative steps up to the target frequency. Only then did the
final assembly of the tank take place.
The measured frequencies of the QWRs (see Table 1) are
clearly above the operating frequency of the injector of
176.1 MHz. This is deliberately chosen because two tuners
(one static and one dynamic) per cavity will keep the frequency stable in later beam operation.
Table 1: The Resonance Frequency f0 of the QWRs 1 and
2 Measured BEFORE Copper Plating
Cavity
f0 (before copper plating)
QWR 1

177.06 MHz

QWR 2

177.06 MHz

MOPTS022
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Figure 1: Comparison of a QWR with allowance (marked
in red on the left picture) and without allowance.
For the comparison of the gap voltage ratios (see Figure
2), the distributions from the beam dynamics and the CST
[3] simulations have been used.

Figure 2: Comparison of the gap voltage ratios for QWR 1
and QWR 2.
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CONDITIONING OF THE FRONTLINE CAVITIES OF THE MYRRHA
INJECTOR
S. Lamprecht∗ , T. Conrad, K.Kümpel, N. Petry, H. Podlech, IAP,
Goethe University Frankfurt, Frankfurt am Main, Germany
J. Belmans, W. De Cock, F. Davin, F. Pompon, D. Vandeplassche,
SCK•CEN, Louvein-la-Neuve, Belgium
Abstract
The MYRRHA Project (Multi-purpose hYbrid Research
Reactor for High-tech Applications) in Mol, Belgium, is an
upcoming accelerator driven system (ADS) for the transmutation of long-living radioactive waste. In the injector
section of the accelerator, consisting of a 4-rod RFQ and
a normal conducting CH-cavity section, the protons will
be accelerated up to 17 MeV before entering the superconducting gap-spoke cavity section with an output energy of
600 MeV [1].
A shortened test-injector with an output energy of
5.9 MeV is currently being installed at the SCK•CEN in
Louvein-la-Neuve, Belgium. This test-injector serves the
purpose of testing the reliability of the planned injector [2].
When commissioning a cavity, it first has to be fed very
little power to avoid damage to the structure by flashovers,
discharges and multipacting. The power is then slowly
increased up to full operation level. In this process, the
surfaces are cleaned by heating/outgasing so that the effects disturbing operation described above do no longer
occur. This paper will report on the status of the conditioning of the 176.1 MHz 4-rod RFQ up to 120 kW of the
MYRRHA-injector and additional measurements concerning the gap voltage which are currently being performed at
the SCK•CEN.

THE CONDITIONING OF THE RFQ UP
TO 120 KW
The MYRRHA-RFQ has been conditioned up to 11 kW at
the IAP, Goethe University Frankfurt, Germany [3], before
being shipped to the SCK•CEN, Louvein-la-Neuve. The
operating power level of the RFQ will be 110 kW, a solid
state amplifier is used as power supply, a bidirectional coupler installed in the power line prevents reflected power from
damaging the amplifier.
A control system is recording forward, transmitted and reflected power, the pressure measured by two Penning-gauges
installed on flanges at the high and the low energy end of the
RFQ, as well as the temperatures of the water flowing out
of each of the 157 cooling channels of the RFQ. The latter
is mainly used to detect blocking or pressure decrease that
might occur in the channels and could lead to damage of the
RFQ due to overheating.
The interior of the RFQ with the electrodes, tuner and
pick-up loop can be seen in Fig. 1.
∗

Figure 1: The electrodes inside the RFQ, as seen from the
high energy end. On the right, the tuner and a pick-up loop
can be seen.
During the conditioning at Louvein-la-Neuve, the power
was mainly fed into the RFQ in a pulsed mode. When using
this way of commissioning a cavity, the variation of the average forward power is not only achieved by increasing or
decreasing the forward power provided by the used amplifier,
but also by variation of the rf-duty cycle. For example, the
power is raised with a small pulse width to begin with up
to a certain level, then the pulse width is slowly widened
until finally cw mode is reached. This way, discharges can
be avoided. Figure 2 shows the measured data at the beginning of the conditioning process, the overcoming of a
multipacting barrier can be observed. Multipacting is a
resonant electron phenomena between cavity walls, where
electron avalanches are accelerated in resonance with the
electric field.
The graphs show the measured power values over time as
well as the pressure inside the RFQ. In the beginning from ca.
11:37 raising the forward power is no longer accompanied
by an increase of the transmitted power, as the energy is used
to built up the electron avalanche and is not available to built
up the fields inside the cavity.
Feeding this power level into the cavity for some time
decreases the secondary electron coefficient and thus damps
the amount of multipacting occurring, until finally the barrier is overcome and the transmitted power is reacting proportionally to the forward power, which can be observed
just after 11:55. At this point the transmitted power raises
significantly.
The last part of the commissioning up to 120 kW in cwmode is shown in Fig. 3.
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RECONSTRUCTION OF THE LONGITUDINAL PHASE PORTRAIT FOR
THE SC CW HEAVY ION HELIAC AT GSI
S. Lauber∗1,2,4 , K. Aulenbacher 1,2,4 , W. Barth1,2 , C. Burandt1,2 , F. Dziuba1,2,4 , P. Forck2 ,
V. Gettmann1,2 , M. Heilmann2 , T. Kürzeder1,2 , J. List1,2,4 , M. Miski-Oglu2 ,
H. Podlech3 , A. Rubin2 , M. Schwarz3 , T. Sieber2 , S. Yaramyshev2
1 Helmholtz Institute Mainz, Mainz, Germany
2 GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
3 Goethe-University, Frankfurt, Germany
4 Johannes Gutenberg-University, Mainz, Germany
Abstract

Helmholtz Linear Accelerator

At the GSI Helmholtzzentrum für Schwerionenforschung (GSI) in Darmstadt, Germany, the HElmholtz
LInear ACcelerator (HELIAC) is currently under construction. The HELIAC comprises superconducting multigap
Crossbar H-mode (SC CH) cavities. The input beam is
delivered by an already existing High Charge Injector (HLI).
For the further development of the accelerator a detailed
knowledge of the input beam parameters to the SC section
is necessary. A method for beam reconstruction is incorporated, which provides for longitudinal beam characteristics
using measurements with a beam shape monitor and a
particle simulation code. This ﬁnalizes the investigations
on 6D beam parameters, following previous measurements
in transversal phase space. The reconstruction of the
longitudinal phase portrait is presented.

The HELIAC [17] comprises an injector LINAC and a
superconducting main LINAC section. A radio frequency
quadrupole (RFQ) and an interdigital H-Mode cavity (IH)
together with two rebuncher cavities are going to deliver
a 1.4 MeV/u heavy ion beam to the SC section. The SC
section is composed of four cryomodules with compact SC
CH cavities [11]. The main features of this accelerator are
a variable output energy (see Table 1) and the capability to
provide for continuous wave operation, while keeping the
momentum spread low. With these design objectives, the

INTRODUCTION
The research for new Super Heavy Elements (SHE) is
driven by fusion-evaporation reactions of medium to heavy
ions. Coping with extremely small cross-sections a long
beam time at high luminosity is crucial for the experiments [1, 2]. As the GSI Universal Linear Accelerator (UNILAC) [3–7] is going to be upgraded in order to deliver a
high intensity beam to the Facility for Antiproton and Ion Research (FAIR) [6,7] with a short pulse rate, which is opposing
to the SHE requirements. Therefore, a dedicated continuous
wave (CW) heavy ion linear accelerator (LINAC) is proposed
at GSI and Helmholtz Institute Mainz (HIM) [8, 9] under
key support of Goethe University Frankfurt (IAP) [10, 11]
and in collaboration with Moscow Engineering Physics Institute (MEPhI) and Moscow Institute for Theoretical and
Experimental Physics (KI-ITEP) [12, 13]. A CW LINAC
is a essential part of diﬀerent modern accelerator facilities,
as for high energy accelerators for the Spallation Neutron
Source (SNS) [14] or medium energy applications in isotope
generation, material science and boron-neutron capture therapy [15]. Technological progress in superconducting radio
frequency (SRF) technologies [16] through advances in SC
CW LINAC development is therefore a strong contribution
to the whole cavity accelerator development.
∗
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Table 1: HELIAC Design Speciﬁcations [17]
Value
Mass/Charge
Frequency
Maximum beam current
Injection energy
Variable output energy
Output energy spread

<6
216.816 MHz
1 mA
1.4 MeV/u
3.5 MeV/u to 7.3 MeV/u
±3 keV/u

HELIAC lines up with other ambitious LINAC projects at
GSI, namely the FAIR proton LINAC [18], the UNILAC
proton beam delivery [19–21], the linear heavy ion decelerator HITRAP (Heavy Ion TRAP) [22] and the LIGHT (Laser
Ion Generation, Handling and Transport) facility for laser
acceleration of protons and heavy ions [23].

Demonstrator Environment
For the measurement campaigns in 2017 and 2018, a
demonstrator environment has been set up in order to validate the novel CH design [24, 25]. The existing HLI [26]
delivers diﬀerent heavy ion beams to the demonstrator cavity. As result of the KONUS beam dynamics [27] used
for the HLI-IH cavity, a non-linear transformation of the
longitudinal bunch shape is envisaged. This is caused by
using diﬀerent RF phases in each acceleration gap instead
of applying −30 degree constantly. Two rebunchers, two
quadrupole duplets and a quadrupole triplet are available to
match the beam to the demonstrator; three beam steerers are
operated to align the beam (see Fig. 1). Phase probe sensors
are used to determine the beam energy with Time Of Flight
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OVERVIEW OF THE ARES BUNCH COMPRESSOR AT SINBAD∗
F. Lemery1† , R. Assmann1 , U. Dorda1 , K. Floettmann1 , J. Hauser1 , M. Huening1 ,
G. Kube1 , M. Lantschner1 , S. Lederer1 , B. Marchetti1 , N. Mildner1 , M. Pelzer1 , M. Rosan1 ,
J. Tiessen1 , K. Wittenburg1
1 DESY, Notkestrasse 85, 22607 Hamburg, Germany
Abstract
Bunch compressors are essential for the generation of
short bunches with applications in e.g. colliders, free electron lasers, and advanced accelerator concepts. The up-andcoming ARES accelerator located at SINBAD, DESY will
support the formation of ∼100 MeV, pC, sub-fs electron
bunches for LWFA research and development. We give an
overview on the ARES bunch compressor, providing start-toend simulations of the machine and an update on its technical
design.

INTRODUCTION
The accelerator research experiment at SINBAD (ARES)
is a conventional S-band electron linac dedicated to producing ultra-short 100 MeV bunches for accelerator research
at DESY [1, 2]. The ARES accelerator sections consists
of a coaxial-coupled 1.5 cell RF gun which is now being
commissioned [3, 4]. Two travelling wave linac structures
are currently installed and are planned for commissioning
in summer 2019. Subsequently an experimental area for
dielectriclaser acceleration experiments will be temporarily
located at the position of a 3rd travelling wave structure [5–8].
A movable magnetic chicane is being designed and is the
focus of this paper. The bunch compressor will support the
formation of ∼fs, pC-scale bunches to explore the limitations
of ultra-short high brightness electron bunches and for external injection into a laser-driven plasma accelerator stage,
as in the context of ATHENA (“Accelerator Technology
HElmholtz iNfrAstructure”), see [9, 10].
The ARES bunch compressor (BC) is discussed in [11].
The design, as depicted in Fig. 1, consists of 4 magnets (B1,
B2, B3, B4) with a maximum on-axis magnetic ﬁeld of 0.5 T.
Magnets B2 and B3 are on a movable platform with a maximum travel range of 20 cm; see Table 1 for details. Moreover
there are four elements between B2 and B3: a beam position
monitor (BPM), a movable-slit collimator, a general mask
collimator and ﬁnally a screen station.
We use a European XFEL (Eu-XFEL) BPM in the bunch
compressor. The BPM provides an online, non-invasive
energy-change measurement via δ = Δx/R16 . The resolution of this BPM is approximately 3 μm for a bunch charge of
20 pC at the Eu-XFEL. We anticipate similar performances
although our beam will be asymmetric in this region, as we
will explain in the following sections.
∗
†
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Table 1: Speciﬁcations of the Bunch Compressor
Parameter

Symbol Value Unit

max. travel range
travel step size
max. B-ﬁeld
good ﬁeld full width
good ﬁeld full height
eﬀ. magnet length
current in main coil
mom. comp. at 100 MeV
pipe diameter
dist. betw. B1,B2 and B3,B4
dist. betw. B2,B3

Δx
δx
B0
R56
-

20
10
0.5
10
4
22
342
0-8.8
40.5
60
3

cm
μm
T
cm
cm
cm
A
cm
mm
cm
m

Two collimators are being developed. The ﬁrst collimator
system consists of two movable blades to cut the beam in the
dispersive plane i.e. the ‘slotted-foil’ approach, shown in
Fig 2 [12]. In this conﬁguration the bunch length (FWHM)
after the chicane can be given by
Δτ =

2.35  2 2
η σδ0 + (1 + hR56 )2 (Δb2 /3 +  β),
|ηh|c

(1)

where η is the dispersion, h the energy chirp, σδ0 is the
initial rms uncorrelated energy spread, b is the slit width,
 is the geometric emittance, and β the betatron function.
The blades will be mounted oﬀ-plane to avoid any possible collisions in the vacuum system. In addition, we are
exploring the addition of a scintillating material on the blades
to image the beam from the frontside; here we anticipate
we could take a negative of the beam image as an online
beam measurement diagnostic, see Fig. 2 (top). The second

blade coll.
B1

B3

B4

B2
screen
BPM

slit-coll.

Figure 1: Overview of the ARES bunch compressor under
design. The two center magnets (B2, B3) surround a BPM,
two collimator systems, and a screen station. The maximum
distance of travel corresponds to Δx=20 cm.
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STATUS REPORT OF THE SINBAD-ARES RF PHOTOINJECTOR AND
LINAC COMMISSIONING
E. Panofski*, R. W. Assmann, F. Burkart, U. Dorda, K. Floettmann, M. Huening, B. Marchetti,
D. Marx, F. Mayet, P.A. Walker, S. Yamin, DESY, Hamburg, Germany
Abstract
The accelerator R&D facility SINBAD (Short innovative bunches and accelerators at DESY) will drive multiple
independent experiments, including the acceleration of ultrashort electron bunches and the testing of advanced highgradient acceleration concepts. The SINBAD-ARES (Accelerator Research Experiment at SINBAD) setup hosts a
normal conducting RF photoinjector generating a lowcharge electron beam, which is afterwards accelerated by
an S-band linac section. The linac as well as a magnetic
chicane will allow the production of ultrashort bunches
with excellent arrival-time stability. The high brightness
beam has then the potential to serve as a test beam for nextgeneration compact acceleration schemes. The setup of the
SINBAD-ARES facility will proceed in stages. We report
on the current status of the ARES RF gun commissioning
and linac setup.

INTRODUCTION
SINBAD [1] is a dedicated R&D facility in the former
DORIS tunnel at DESY Hamburg. The goal is to test advanced acceleration techniques, such as Laser driven
plasma Wake-Field Acceleration (LWFA), Dielectric Laser
Acceleration (DLA) and THz-driven acceleration, in independent experiments. ARES [2] at SINBAD is a linear accelerator with a target energy of 100-155 MeV which is
currently in the construction and commissioning phase.
The facility will provide a low-charge, remarkably shortbunch electron probe beam with excellent arrival-time stability [3]. The design parameters of the electron beam are
summarized in Table 1.

Table 1: Final Electron Parameters Planned at ARES
Bunch charge [pC]
0.5 - 30
Repetition rate [Hz]
10 - 50
Beam energy [MeV]
100 - 155
Norm. emittance (rms) [μm rad] 0.1 - 1
Bunch length (rms) [fs]
0.2 - 10
Arrival time jitter [fs]
< 10
The following section provides an overview of the
ARES layout and the current status of the accelerator installation as well as the RF gun conditioning.

ARES LINAC LAYOUT AND CURRENT
STATUS OF INSTALLATIONS
Figure 1 illustrates the planned layout of the ARES linac
at SINBAD.

Electron Source
Electron bunches will be generated in a normal-conducting 2.998 GHz RF photoinjector. The design is based on
the 1.5 cell REGAE RF gun [4]. It is foreseen to implement
metallic as well as semiconductor cathodes (Cs2Te) in the
gun, depending on the desired bunch charge and bunch
length. The photoelectric effect is then driven by a UV laser
with 258 nm wavelength. The laser produces pulses with a
pulse energy above 1 mJ and an rms beam size from 20 μm
to 0.2 mm in a flat-top shape. The Gaussian longitudinal
laser pulse length can be varied between 180 fs and 10 ps
(FWHM duration) [5].

Figure 1: Layout of the ARES linac at SINBAD.
___________________________________________
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CONCEPTUAL DESIGN OF THE PROTON LINAC FOR THE HIGH
BRILLIANCE NEUTRON SOURCE HBS
H. Podlech1∗ , J. Baggemann2 , S. Böhm3 , T. Brückel2 , T. Cronert2 , P. E. Doege2 , M. Droba1 ,
T. Gutberlet2 , J. Li4 , K. Kümpel1 , S. Lamprecht1 , E. Mauerhofer2 , O. Meusel1 , N. Petry1 , U. Rücker2 ,
P. Schneider1 , M. Schwarz1 , P. Zakalek2 , C. Zhang5
1 Institute for Applied Physics (IAP), Goethe University Frankfurt, Frankfurt, Germany
2 JCNS, Forschungszentrum Jülich GmbH, Jülich, Germany
3 NET, RWTH Aachen, Aachen, Germany
4 Institut für Energie- und Klimaforschung, Forschungszentrum Jülich GmbH, Jülich, Germany
5 GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract

Due to the decommissioning of several reactors, only
about half of the neutrons will be available for research in
Europe in the next decade despite the commissioning of the
ESS. Compact accelerator-based neutron sources (CANS)
could close this gap. The High Brilliance Neutron Source
(HBS) currently under development at Forschungszentrum
Jülich is scalable in terms of beam energy and power due
to its modular design. The driver Linac will accelerate a
100 mA proton beam to 70 MeV. The Linac is operated with
a beam duty cycle of up to 6% (11% RF duty cycle) and
can simultaneously deliver three pulse lengths (52 µs, 208
µs and 833 µs) for three neutron target stations. In order
to minimize the development effort and the technological
risk, state-of-the-art technology of the MYRRHA injector is
used. The HBS Linac consists of a front end (ECR source,
LEBT, 2.5 MeV double RFQ) and a CH-DTL with 35 room
temperature CH-cavities. All RF structures are operated at
176.1 MHz and are designed for high duty cycle. Solid-state
amplifiers up to 500 kW are used as RF drivers. Due to
the beam current and the high average beam power of up to
420 kW, particular attention is paid to beam dynamics. In order to minimize losses, a quasi-periodic lattice with constant
negative phase is used. The presentation describes the conceptual design and the challenges of a modern high-power
and high-current proton accelerator with high reliability and
availability.

DESIGN PHILOSOPHY
The High Brilliance Neutron Source belongs to the Compact Accelerator based Neutron Sources (CANS) class [1]
[2]. The term compact must be seen here in comparison
with spallation sources, which typically require an order of
magnitude higher beam energy.
The beam is sent simultaneously to three different targets
by means of a multiplexer in the High Energy Beam Transfer
(HEBT) [3]. Each individual beam behind the multiplexer
must have a specific time structure in order to use the optimum resolution of the different instruments behind a specific
target. The macro pulse lengths result from the experimen∗
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Figure 1: Pulse scheme of the HBS Linac. The spacing
between beam pulses is 1.56 ms.

Figure 2: Transition energy of modern hadron Linacs as
function of the peak beam current. For fully room temperature Linacs the transition energy is the final energy.

tal requirements and were fixed at 52 µs (384 Hz), 208 µs
(96 Hz) and 833 µs (24 Hz) (Fig. 1), resulting in a total average beam power of 420 kW (6% beam duty factor). Because
of the filling time of the cavities the RF duty factor is about
11%. Table 1 summarizes the top-level requirements of the
HBS-Linac. One of the most important issues of high-power
hadron Linacs is the choice of technology with respect to
superconducting or room-temperature operation. In general,
the higher the duty factor and the lower the beam current, the
smaller the transition energy between room temperature and
superconducting cavities (Fig. 2) [4]. Because of the high
beam current for HBS the required RF power is dominated
by the beam power even for room temperature cavities. Because of the much simpler technology avoiding a cryogenic
plant, the development of cryo-modules and suitable power
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SEARCH FOR ELECTRIC DIPOLE MOMENTS AT COSY IN JÜLICH SPIN-TRACKING SIMULATIONS USING BMAD
V. Poncza1∗ , A. Lehrach1,2 , Institut für Kernphysik 4, Forschungszentrum Jülich, 52425 Jülich, Germany
1 also at III. Physikalisches Institut B, RWTH Aachen University 2 and JARA-FAME, Germany
on behalf of the JEDI Collaboration
Abstract
The Jülich Electric Dipole moment Investigations (JEDI)
collaboration in Jülich is preparing a direct Electric Dipole
Moment (EDM) measurement of protons and deuterons.
The ﬁrst experiment is performed at the storage ring COSY
(COoler SYnchrotron) and later a dedicated storage ring
may be used for further studies. In order to analyze the data
and to disentangle the EDM signal from systematic eﬀects
spin-tracking simulations are needed. Therefore a model of
COSY was implemented using the software library Bmad.
The model was successfully benchmarked using analytical
predictions of the spin behavior. A crucial point regarding
the data analysis is the knowledge of the orientation of the
invariant spin axis with vanishing EDM at the position of the
RF Wien ﬁlter. Especially its radial component is unknown
and spin-tracking simulations can be used to determine this
missing number. Tracking results as well as the algorithm to
ﬁnd the invariant spin axis will be presented in the following.

INTRODUCTION
The observed matter-antimatter asymmetry in the universe cannot be explained by the Standard Model (SM) of
particle physics. In order to resolve the matter dominance
an additional CP violating process is needed. A candidate
for physics beyond the SM is a non-vanishing EDM of subatomic particles. Since permanent EDMs violate parity and
time reversal symmetries, they are also CP violating if the
CPT theorem is assumed. Since the SM predictions for
EDMs are many orders of magnitude too small to explain
the dominance of matter, the discovery of larger nucleon
EDMs would indicate physics beyond the SM and could give
an explanation for the matter-antimatter asymmetry [1]. The
interaction of a particles’ spin with electromagnetic ﬁelds
enables the measurement of an EDM. The underlying experiments for charged particles need to be performed with
high-precision storage rings and require an accurate measure and control of the spin and the beam motion. The JEDI
collaboration is therefore investigating spin and beam eﬀects
to enable EDM studies at COSY [2, 3].

SPIN DYNAMICS IN A STORAGE RING
The spin motion in presence of electromagnetic ﬁelds is
described by the Thomas-BMT equation [4,5]. Since COSY
is a pure magnetic machine the spin S is only inﬂuenced by
magnetic ﬁelds B and the equation of motion reduces to
∗
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d S
 MDM +Ω
 E D M )× S = ( q G B + qη β × B)×
 S (1)
= (Ω
dt
m
2m
 M D M and Ω
 E D M indicate the angular frequency
where Ω
due to the magnetic dipole moment (MDM) and the EDM
respectively and G is the gyromagnetic anomaly. β describes
the velocity ratio vc of the particle where c is the speed of
light. Furthermore, q and m indicate the charge and mass of
the particle. The eﬀect of the EDM d enters the equation via
the dimensionless proportionality factor η that is connected
to the EDM by
q 
S.
(2)
d = η ·
2mc
A permanent EDM results in a vertical polarization build
up that is oscillating over time. In order to prevent a complete averaging out of the signal a radio-frequency (RF)
device using radial electric and vertical magnetic ﬁelds, the
so-called RF Wien ﬁlter, was implemented into COSY. The
ﬁelds are set such that the Lorentz force cancels and therefore no beam perturbation is achieved. The EDM signal
accumulates over time due to the additional phase advance
the spin experiences [6–8].

Figure 1: Due to a permanent EDM the invariant spin axis
tilts in horizontal direction by the angle ξE D M .
The spin motion can be characterized by the so-called
invariant spin axis n. It is deﬁned by the rotation axis around
which the spin precesses. In case of an ideal ring and a
vanishing EDM this axis always points in vertical direction
as the spin precesses in the horizontal plane. In the presence
of an EDM the invariant spin axis is tilted in the horizontal
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CHARACTERISATION AND FIRST BEAM LINE TESTS OF THE ELBE
STRIPLINE KICKER
Ch. Schneider†, A. Arnold, M. Freitag, J. Hauser, P. Michel, HZDR*, 01328 Dresden, Germany
Abstract
The linac based cw electron accelerator ELBE operates
different secondary beamlines one at a time. For the future
different end stations should be served simultaneously,
hence specific bunch patterns have to be kicked into different beam-lines. The variability of the bunch pattern and the
frequency resp. switching time are one of the main arguments for a stripline-kicker. A design with two tapered active electrodes and two ground fenders was optimized in
time and frequency domain with the software package
CST. From that a design has been transferred into a construction and was manufactured. The prototype has been
tested in the laboratory and installed in the ELBE beam
line. The presentation summarises the recent results and the
first beam line test.

INTRODUCTION

Table 1: Mainly used accelerator setup parameter for different beam lines
Usage
2018
E /MeV
f/ kHz

NP
16%

RP
3%

FEL
26%

THZ
18%

POS
15%

NP
9%

8-16
13000

20-32
13000

26-32
100

32
1600

A/μA

700

25-30
100400
1

700

7

100

32
100400
25

DESIGN AND CHARACTRISATION
MEASURMENTS
The ELBE strip-line kicker design uses the common approach [1, 2, 3] with two tapered active electrodes and two
ground fenders. The slightly difference is the placing of the
two ground fenders in the outer area of the electrodes, i.e.,
Fig. 2.

The ELBE is a cw superconducting electron accelerator
up to 40 MeV beam energy and max 2 mA beam current,
i.e., Fig. 1. Seven different experimental end-stations are
operated one at a time in the 24/7 regime. Typical usage of
the end-stations in 2018 with their main parameters, i.e.,
Table 1. To optimize the usage of the machine because of
an experiment over booking factor of around 2 to 3 the
kicker project has been started to evaluate the combination
of end-stations e.g. with higher current with lower current
demands simultaneously.
Figure 2: Sectional drawing of the ELBE kicker in the area
of the connection ports.

Figure 1: Overview of the ELBE layout with the position
of the kicker station.
As an example the end stations from neutron an electron
laser interaction are using high bunch charge but 200 kHz
and 10 Hz respectively and are separated by just one beam
line branch. Therefore a kicking device in front of the neutron and laser interaction beam line can serve both beam
lines at a time. For commissioning the kicker was placed
in front of the magnetic septum which branches either in
the Neutron or Laser beam line.

___________________________________________
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The distance between the electrodes was chosen to
30 mm having a balance of lower HV supply and still feeding the electron beam in a homogenous field area through
the kicker, i.e., Fig. 3. The design was optimized with the
CST package to fit best to 50 ȍimpedances, for optimal Sparameters in the frequency domain as well as having best
field flatness in the significant area between the electrodes.

Figure 3: Sectional plot of the electric field in the medium
section of the kicker structure.
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NEW BEAM DYNAMICS SIMULATIONS FOR THE FAIR p-LINAC RFQ
M. Syha∗ , H. Hähnel, U. Ratzinger, M. Schuett
Institute of Applied Physics of Goethe University, 60438 Frankfurt, Germany
Abstract
The construction of a 3.3 m Ladder-RFQ at IAP, Goethe
University Frankfurt, has been finished successfully last
summer. This RFQ is designed to accelerate protons from
95 keV to 3.0 MeV according to the design parameters of the
p-Linac [1, 2] at FAIR1 [3]. Along the acceleration section
the parameters modulation, aperture and synchronous phase
are varied linearly with cell number, which differs from former designs from IAP Frankfurt. The ratio of transversal
vane curvature radius to mid-cell radial aperture and the
vane radius itself are constant. The development of an adequate beam dynamics design was done with the aid of the
RFQGen-code and in close collaboration with the IAP resonator design team. The RFQ beam dynamics design could
be successfully reproduced with the TOUTATIS-routine of
CEAs2 TraceWin-code. Several new beam dynamics simulations were performed on the design. Among these were
current and Twiss parameter studies as well as simulations
concerned with the investigation of longitudinal entrance
and exit gap field effects [4]. Others were based on new
measurements in the LEBT-line performed by the GSI3 Ion
Source Group in April 2019. In the near future, further
LEBT measurements and subsequent simulations (among
other to design a well-fitting cone for the RFQ), as well as
mechanical error studies in TOUTATIS, will follow.

THE BEAM DYNAMICS DESIGN OF THE
FAIR p-LINAC
The RFQGen-code [5] was used for generating the beam
dynamics design of the 3.3 m Ladder-RFQ [6] (see Table 1).
The current of the entrance beam was chosen rather high
as 100 mA in order to have a large current margin. It was
modeled with 105 (macro-)particles arranged in a 4D waterbag distribution as derived from beam measurements at
CEA Saclay. Other than slightly undershooting the final energy, slightly overshooting poses no problem for the MEBTsection and the CH-DTL. For this reason and to provide a
sufficient safety margin the final synchronous energy was
set to 3.015 MeV. The almost linear behavior of modulation
parameter m, (minimum) radial aperture a and synchronous
phase φ against the cell number in the acceleration section
results in higher acceleration efficiencies along the respective cells [7] and a therefore significantly reduced electrode
length (compared to that generated by a more conservative
design approach). This design was inspired by the beam
dynamics design of CERN‘s Linac4-RFQ [8, 9].
∗
1
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Table 1: Beam Parameters at the RFQ Entrance and Electrode Design Parameters
Parameter
Entrance Energy
Beam Current
Transversal εin,n,r ms
Frequency
Electrode Voltage
ρ/r0
Number of RM Cells

Value
95 keV
100 mA
0.3 π mm mrad
325.224 MHz
88.43 kV
0.85
5

Table 2: Beam Parameters at the RFQ Exit (approx. 5 mm
behind the Electrodes) for the Matched Case
Parameter
εx,out,r ms
εy,out,r ms
εz,out,r ms
Synchronous Exit Energy Wsyn
Average Exit Energy Wave
Transmission

Value
0.33 π mm mrad
0.32 π mm mrad
0.20 π MeV deg
3.015 MeV
3.012 MeV
88.5 %

Reproducibility Check of the RFQ Beam Dynamics
Design with TOUTATIS
The matched input case (cf. Table 2) was found with
mm
TOUTATIS [10] to occur for α = 1.5 and β = 0.06 πmr
ad
(cf. Fig. 3). These values were confirmed by the Twiss pa-

rameter studies with RFQGen (cf. next section). As can be
seen in Fig. 1, both codes lead to very similar exit distributions. The normalized transversal emittances produced by
the different codes deviated by approx. 5%, the longitudinal
ones by ca. 10%.

INITIAL TRANSVERSAL TWISS
PARAMETERS STUDIES WITH RFQGEN
In order to scan for pairs of suitable transversal Twiss
parameters at the RFQ entrance, αin was run from 0.1 to
2.5 with a step width of 0.1, whereas βin was varied from
mm
mm
mm
0.01 πmr
ad to 0.15 πmr ad with a step width of 0.01 πmr ad .
This resulted in 375 combinations of αin and βin . Since,
unfortunately, the RFQGen-code itself does not include a
sweep-function, a short workaround routine was coded with
Python to automate the variation of the initial Twiss parameters. (All other beam parameters and all RFQGen settings
remained constant during this simulation series.)
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RF MEASUREMENTS AND TUNING OF THE 325 MHz LADDER-RFQ
M. Schuett∗ , U. Ratzinger and M. Syha
Institute for Applied Physics, Goethe University, Frankfurt, Germany
Abstract
Based on the positive results of the 0.63 m unmodulated
325 MHz Ladder-RFQ prototype from 2013 to 2016 [1], a
modulated 3.3 m Ladder-RFQ (s. Fig. 1) has been designed
and built for the acceleration of up to 100 mA protons from
95 keV to 3.0 MeV at the FAIR p-Linac [2, 3]. In this paper,
we will show the results of manufacturing as well as low level
RF measurements of the Ladder-RFQ including flatness and
frequency tuning.
Upper Tank Shell

unmodulated prototype have shown, that the Ladder-RFQ
is a suitable candidate for that frequency. For the present
design duty cycles are feasible up to 5%. The basic design
and tendering of the RFQ have been successfully completed
in 2016 [9]. Manufacturing and copper-plating of the tank
have been succeeded in September 2018. We will show
the finalization of assembly after manufacturing as well as
low level RF measurements. The final machining step for
both flatness and frequency tuning has been finished in April
2019.
Table 1: Main RF and Geometric Parameters of the Modulated Ladder-RFQ

Tank Middle Frame

Upper Half-Ladder
Lower Half-Ladder
Electrodes
Beam Entrance
Lower Tank Shell

Figure 1: Isometric view of the 3.3 m modulated LadderRFQ. Solid copper carrier-rings guarantee the electrode positioning as well as the RF contact. The ladder structure
consists of bulk copper components. Any brazing or welding processes were avoided for the assembly of the main
components.

No. of RF cells
Q-Value (simulated)
Loss (with sim. Q)
Shunt Impedance (sim.)
Vane-Vane Voltage
Frequency
Repetition Rate
Pulse Duration
Total Length
Cell Length
Spoke Height
Spoke Width
Electrode Length

55
6800
675 kW
40 kΩm
88.43 kV
325.224 MHz
4 Hz
200 µs
3410 mm
40 mm
280 mm
150 mm
3327 mm
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INTRODUCTION
The idea of the Ladder type RFQ firstly came up in the
late 1980s [4, 5] and was realized successfully for the CERN
Linac3 operating at 101 MHz [6] and for the CERN antiproton decelerator ASACUSA at 202 MHz [7].
Due to its high symmetry, this Ladder-RFQ features a
very constant voltage along the axis. The Ladder-RFQ prototype was high power tested at the GSI test stand [8]. It
accepted three times the RF power level needed in operation [9]. That level corresponds to a Kilpatrick factor of 3.1
with a pulse length of 200 µs. The 325 MHz RFQ is designed
to accelerate protons from 95 keV to 3.0 MeV according to
the design parameters of the proton linac within the FAIR
project. This particular high frequency creates difficulties
for a 4-ROD type RFQ, which triggered the development of
a Ladder-RFQ with its higher symmetry. The results of the
∗
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Figure 2: Electrodes mounted into the carrier-rings on the
lower half-ladder structure.

DESIGN AND MANUFACTURING
The mechanical design consists of an inner copper ladder
structure mounted into an outer stainless steel tank. The tank
is divided into three parts - the lower and upper shells and a
middle frame. The lower shell of the tank carries and fixes
the position of the inner resonating ladder structure. Due
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ADVANCED BEAM DYNAMICS DESIGN FOR THE SUPERCONDUCTING
HEAVY ION ACCELERATOR HELIAC∗
M. Schwarz†1 , K. Aulenbacher2,3,4 , W. Barth2,4 , M. Basten1 , C. Burandt2,3 , M. Busch1 ,
T. Conrad1 , F. Dziuba2 , V. Gettmann2 , M. Heilmann4 , T. Kürzeder2 , S. Lauber2,3,4 ,
J. List2,3,4 , M. Miski-Oglu2 , H. Podlech1 , A. Rubin4 , S. Yaramyshev4
1 IAP, Goethe University, Frankfurt am Main, Germany, 2 HIM, Helmholtz Institute Mainz, Germany
3 Johannes Gutenberg University, Mainz, Germany, 4 GSI Helmholtzzentrum, Darmstadt, Germany
Abstract
The standalone superconducting (SC) continuous wave
(CW) heavy ion linac HELIAC (HElmholtz LInear ACcelerator) is a common project of GSI and HIM under key
support of IAP Frankfurt and in collaboration with Moscow
Engineering Physics Institute (MEPhI) and Moscow Institute for Theoretical and Experimental Physics (KI-ITEP). It
is intended for future experiments with heavy ions near the
Coulomb barrier within super-heavy element (SHE) research
and aims at developing a linac with multiple CH cavities as
key components downstream the High Charge State Injector
(HLI) at GSI. The design is challenging due to the requirement of intense beams in CW mode up to a mass-to-charge
ratio of 6, while covering a broad output energy range from
3.5 to 7.3 MeV/u with minimum energy spread. In 2017 the
first superconducting section of the linac has been successfully commissioned and extensively tested with beam at GSI.
In the light of experience gained in this research so far, the
beam dynamics layout for the entire linac has recently been
updated and optimized with particular emphasis on realistic
assumptions of cavity gap and drift lengths as well as gap
voltage distributions for CH3–CH11.

BEAM DYNAMICS CONCEPT

IAP [6–12] in design, fabrication and operation of superconducting CH (Crossbar H-mode) cavities and the associated
components. In this context, a revision of the beam dynamics
concept was strongly recommended. It considers increased
acceleration gradients compared to the original value of
Ea = 5.1 MV/m, where Ea = Ua /L, with L = n · βλ/2
for an n-gap cavity. The EQUUS beam dynamics concept
differs from the widely used constant phase approach in a
way that the gap center distances in a cavity are equidistant. As the velocity of a bunch increases inside a cavity,
EQUUS leads to a varying synchronous phase of the bunch
for each gap. Similar to the KONUS (Kombinierte Null Grad
Struktur - Combined Zero Degree Structure) [13, 14] beam
dynamics scheme, the main purpose is the acceleration near
the crest of the RF wave to make the design more efficient
and additionally achieve a lower transversal RF defocusing
while keeping the bunch longitudinally stable. In contrast
to KONUS, EQUUS does not use function areas separated,
such as a dedicated 0-degree section and a rebunching section, but has continuous transitions. This provides advantages for the energy variation of the beam. In conclusion,
the advanced beam dynamics design for HELIAC features
simultaneous high acceleration and low emittance growth
for all three phase planes. With EQUUS four main parameters have to be properly chosen for each cavity to achieve
an efficient and stable bunch acceleration: Number of gaps
Ng , effective voltage per gap Ua,i , reference beam energy Wr
and synchronous phase in the first gap ϕs,1 .
Table 1: Basic HELIAC Design Parameters [1]
Parameter

Figure 1: Studied superconducting HELIAC layout with
twelve CH cavities in four cryomodules. Captions:
CM = Cryomodule, S = Solenoid, D = Diagnostics, B = 2Gap-Buncher.
A preliminary beam dynamics design for the entire HELIAC - based on the EQUUS (Equidistant Multigap Structure) concept - has been published in 2009 [1]. Meanwhile
many experiences have been gained at GSI/HIM [2–5] and
∗
†

Work supported by BMBF contr. No. 05P18RFRB1, EU Framework
Programme H2020 662186 (MYRTE) and HIC for FAIR
schwarz@iap.uni-frankfurt.de

MOPTS034
928

Value

Win
Wout
∆Wout
I
A/z
Total length l
εtransv.,rms„norm.,in
εtransv.,rms„norm.,out
εlongitud.,rms„norm.,in
εlongitud.,rms„norm.,out

1.4 MeV/u
3.5–7.3 MeV/u
±3 keV/u
≤ 1 mA
≤6
30 m
0.162 mm mrad
0.187 mm mrad
0.294 keV/u ns
0.322 keV/u ns

The main requirements and boundary conditions for the
linac design are summarized in Table 1. With a relatively low
beam current, CW-operation and limited longitudinal space,
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RECOMMISSIONING OF SIS18 AFTER FAIR UPGRADES
D. Ondreka∗ , C. Dimopoulou, H. C. Hüther, H. Liebermann,
J. Stadlmann, R. J. Steinhagen, GSI, Darmstadt, Germany
Abstract
The synchrotron SIS18 of the GSI facility has recently resumed beam operation after a long shutdown, during which
major upgrades for the operation of SIS18 in the FAIR facility were realized. This signifies a major milestone for
the mission of GSI and FAIR. On one hand, the scientific
program of GSI depends strongly on beam from SIS18, including the very important developments of detectors for
FAIR experiments. On the other hand, large parts of the
existing GSI accelerator facility, including SIS18, are now
operated with the FAIR control system, demonstrating its
suitability for control of a large scale accelerator facility.
Commissioning of the new control system started during
the shutdown with a series of dry runs, which proved very
useful to establish basic functionalities. Recommissioning
of SIS18 was further facilitated by the fact that the machine
model of SIS18, implemented in the modeling framework
LSA [1, 2], had already been tested with beam several years
before the shutdown. Thus, all operation modes of SIS18,
including multi-turn injection, electron cooling, as well as
fast and slow extraction could be successfully commissioned
during the first weeks of operation. Other commissioning
activities concerned the operation of new devices installed
during the shutdown. These devices, mostly installed to
prepare SIS18 for the operation with FAIR design parameters, open new possibilities in the standard operation of
SIS18. An unusual challenge for the operation of SIS18 is
posed by ground motion due to groundwater lowering for
the nearby FAIR construction site. Surveys revealed that
SIS18 subsided by several centimeters during one year. Even
though the machine was realigned prior to recommissioning,
the dynamics of the ground motion will continue to affect
operation of SIS18.

INTRODUCTION
Since 1990, the heavy ion synchrotron SIS18 has been
the workhorse of GSI’s experimental physics program with
heavy ions in the energy range of several hundreds of MeV
per nucleon. During the last decade, a series of upgrades
to the machine has been completed aiming at satisfying the
more demanding requirements of operation within the FAIR
facility [3]. More recently, buildings and infrastructure pertaining to SIS18 were upgraded to support operation with the
FAIR design intensities, requiring heavy construction work
to improve radiation protection by increasing shielding and
tightening the tunnel, to establish a new power grid connection, and to modernize the fire protection systems [4]. Those
activities were executed during a long shutdown lasting from
end of 2016 to mid 2018.
∗
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A major challenge to recommissioning SIS18 after the
long shutdown was posed by the switch to the new FAIR control system [5], which affected all parts of the GSI accelerator
facility except the linear accelerator UNILAC. Though ultimately unavoidable for integration of SIS18 into the FAIR
facility, this proved a difficult step even though the new control system had already been used since 2016 to operate
CRYRING, a small storage ring with its own injector [6].
Many issues associated with peculiarities of SIS18 needed
to be resolved during the shutdown. The transition was facilitated, though, by the fact that the SIS18 machine model,
used to create settings for devices from physics parameters,
had largely been implemented and verified with beam in
parallel to the operation with the previous control system [7].
Only the electron cooler model was realized later during
the shutdown but worked smoothly right from the start of
commissioning.
To cope with the uncertainties of operation with the new
control system, a commissioning strategy was devised which
focused on establishing the proper functioning of the hardware and testing its integration into the new control system as
early as possible. Beam commissioning was then performed
with priority on verifying the operation modes required for
the experiments scheduled in the first physics run.
The remainder of this article gives an overview over the
operation modes of SIS18 and the recommissioning experience after the long shutdown.

SIS18 LAYOUT AND OPERATION MODES
Machine Layout
The basic SIS18 lattice consists of twelve identical cells,
each comprising two bending magnets and a quadrupole
triplet. Notably, the optical settings change during the SIS18
cycle: at injection, a triplet optic is applied to maximize
the horizontal acceptance for multi-turn injection; during
the ramp, the third quadrupole is adiabatically switched off
while keeping the tune constant, resulting in a doublet optic.
The doublet optic provides larger horizontal beta functions
at the extraction elements reducing their required strengths.
Despite the increase of the horizontal beta function, the beam
size always shrinks due to the stronger adiabatic damping of
the horizontal emittance.
SIS18 has a maximum magnetic rigidity of 18.5 Tm. The
maximum energy depends on the ion species, ranging from
200 MeV/u for the FAIR reference ion U 28+ up to 2 GeV/u
for light ions and 4.7 GeV for protons. The maximum repetition rate is about 3 Hz, determined by the maximum ramp
rate of the main dipole power converter. The practical limit
on the longest cycle time is about twenty seconds.
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RFQ ELECTRODES CHANGE AND UPGRADE OPTION
AT THE UNILAC HSI INJECTOR
M. Vossberg, P. Gerhard, L. Groening, S. Mickat, H. Vormann, C. Xiao,
GSI Helmholtz Center for Heavy Ion Research, Planckstr. 1, Darmstadt, Germany,
J. M. Garland, J. B. Lallement, A. M. Lombardi, V. Bencini,
CERN, Geneva, Switzerland
Abstract
In order to meet the beam intensity and quality requirements imposed by FAIR, the HSI-RFQ beam dynamics
originally dating from 2009 has been re-designed recently
at CERN. Front-to-end simulations demonstrated that the
new design meets the FAIR targets. Implementation of the
new electrodes, initially planned for 2019, will require readaption of the RFQ cavity RF-parameters by re-shaping
the stems that keep the electrodes. However, during the
beam time 2018 the existing RFQ did not reach its nominal
voltage, most likely due to expired lifetime of the electrodes originating from 2009. In order to shorten the RFQ
maintenance period and to minimize any risk for upcoming
beam time 2019, it was decided to post-pone the implementation of the new design and rather just re-producing
the 2009 design electrodes. This contribution is on the reproduction process as short-term solution and on the full
implementation of the new design as mid-term solution.
CST simulations performed at GSI assure that the resonance frequency with the new electrode geometry is recuperated through corrections of the carrier rings. The status
of the exchange of the electrodes and simulations for the
adaptation of the new electrode design are presented.

CERN with the aim of reducing the electrode voltage according to the design voltage of 123 kV and simultaneous
reduction of the mean aperture. CST simulations will check
it if the changed resonance frequency can be compensated
by adjusting the carrier rings geometry.

Figure 1: GSI / FAIR facility and the UNILAC injector.

INTRODUCTION

HSI-RFQ

The GSI accelerator facility will be used in future as an
injector for FAIR (“Facility for Anti-proton an Ion Research), which is currently under construction, providing
numerous experiments with a variety of ion beams. Beam
intensity upgrades to the UNILAC [1], a UNIversal Linear
Accelerator that can provide up to three different ion species from three different independent ion sources at the
same time, are necessary to meet the requirements of FAIR.
Figure 1 shows the existing GSI (blue) and the extended
FAIR facility (red). FAIR will have two injectors, the existing UNILAC and the planned p-Linac. The real bottleneck of the UNILAC is the front-end system of the high
current injector (HSI). The current HSI RFQ electrodes
were replaced in 2009. To increase acceptance, the electrode voltage was increased from 125 kV to 155 kV, but by
reducing the curvature (rho) of the transverse radius, the
maximum surface field was maintained at 31 MV / m to
compensate for the higher voltage [2]. In order to meet the
requirements of the FAIR project, higher intensities and a
better beam quality are necessary, so that after ten years of
operation, the electrodes must be replaced again. Corresponding beam dynamics simulations were conducted at

The HSI RFQ [3] was designed in 1996 as a 925 cm long
IH cavity and tested with beam in 1999. It consists of ten
single modules, with ten stems and carrier rings each. Each
ring is alternately attached to two opposite electrodes (see
Fig. 2). The rings are also required for frequency matching,
because the ring length has an additional capacity acting on
the electrodes. During the last 20 years, the matching section of the electrodes was redesigned and since 2009 the
RFQ was put in operation with the second redesign of electrodes. This set is currently still in use, the surface is damaged by sparks, especially produced during mixed duty cycle operation with different ion species and high currents.
CERN provides the third beam dynamic redesign and the
technical design report (TDR) was approved in May 2018.
The entire tank should be used again, so exact adjustments
to the carrier ring geometry and small changes on the electrode cross section are possible and required. Only with accurate simulations, it will be possible to determine the carrier ring parameters, in order to achieve the correct frequency and a good flatness distribution along the electrodes.
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COMPARISON BETWEEN MEASUREMENT AND SIMULATION OF A
FULL SCALE PROTOTYPE FOR THE PROTON INJECTOR AT FAIR
A. Seibel, M. Vossberg, C.M. Kleffner, K. Knie, GSI, Darmstadt, Germany
U. Ratzinger, IAP, University of Frankfurt, Germany
Abstract
A dedicated 68 MeV, 70 mA proton injector is required
for the research program at FAIR (Facility for Antiproton
and Ion Research). This 325 MHz linear injector contains
a RFQ and six CH structures. The CH (Crossbar H-mode)
structures are working in the H210 mode. The main acceleration of this room temperature linac will be provided by
the CH structures. For the second acceleration from
11.5 MeV to 24.2 MeV a full scale prototype has been
built. This structure consists of two individual CH
resona-tors and a coupling cell. Inside the structure there
are 17 tuners, they have an impact on the electric field
and the fre-quency. For operation a flat field is required,
therefore this tuners must be correctly positioned. Some
series of low level tuning and frequency measurements
were done to de-termine the size of the tuners. Low level
measurements and simulations will be compared and
presented.

INTRODUCTION

(CCH). Each CCH-Cavity comprises two to four RF-coupled cavities connected by a transition tank called coupling
tank housing a focusing magnetic quadrupole triplet lens
within the vacuum and rf penetrated area. The second
group consists of single CH-modules, each of them divided
into three cylindrical pipe sections as well but flanged together directly without any inter tank section. These cavities have only quadrupole triplets in between. The DTLcavities operate at a resonance frequency of 325.224 MHz.
It is required to provide a 68 MeV proton beam with a
beam current up to 70 mA at a rf pulse length of 200 µs and
a beam pulse length of ≤ 36 µs. The estimated rf power requirement (power loss) of the cavities is max. 1.3 MW. The
thermal energy thus released into the tank must be removed
by efficient water-cooling.

Figure 2: Overview of the proton linac.

THE COUPLED PROTOTYPE CAVITY

Figure 1: The FAIR facility in the full version [1].
The FAIR project (Fig. 1) will be a new international
particle accelerator facility for antiprotons and heavy ions
which is currently under construction [1]. This project will
provide knowledge of still unknown subatomic components of matter in the Universe. In parallel the existing GSI
facility is upgraded together with a new proton linear accelerator and will serve as pre-accelerator and injector for
the new heavy ion synchrotron SIS100. The SIS100 beams
are delivered to a complex of storage rings [2] and experimental stations reaching energies and intensities as required for FAIR [1].
As shown in Fig. 2, the main acceleration from 3 MeV
up to 68 MeV will be realized with six CH-cavities mechanically grouped in two sections, each having a length of
about 9 m. Between both sections there will be a diagnostics area at 33 MeV with a re-buncher for longitudinal
beam matching and beam diagnostic chambers. The first
DTL section will consist of three coupled CH-cavities
MOPTS037
940

Figure 3 shows a prototype cavity of a coupled CH-DTL
cavity developed by IAP University of Frankfurt [3]. This
cavity corresponds to the second cavity within the first section. The low energy part consists of 13 gaps, followed by
the coupling cell (housing the dummy triplet lens within
one large drift tube) and by the 14 gap high energy part.
The whole cavity has an inner length of about 2.8 m and
the cylindrical tanks have an inner diameter of about
360 mm. The coupling cell has a length of about 2βλ.
Fourteen fixed (five in tank one and nine in tank two) and
three mov-able tuners (located at each cavity and at the
coupling cell) are foreseen.

Figure 3: 3D-model of the coupled CH-prototype cavity
[4].
The prototype arrived at GSI in late 2013 and Fig. 4
shows the final result after galvanic copper plating and polishing. A test stand was assembled for low power rf
meaurements with a 4-port network analyser (bead pull
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BEAM DYNAMICS OF HIGH CHROMATICITY LATTICE FOR IRANIAN
LIGHT SOURCE FACILITY (ILSF) STORAGE RING
F. Foroughi*, S.M. Jazayeri, Iran University of Science and Technology, 35131-19911 Tehran, Iran
E. Ahmadi, J. Rahighi, S. Dastan, Iranian Light Source Facility, 19395-5746 Tehran, Iran
Abstract
One of the limiting factors of electron beam lifetime in
low emittance storage rings is Head-Tail (HT) instability.
Low emittance storage rings typically have a large negative
natural chromaticity due to the strong quadrupoles. Above
transition large negative natural chromaticity leads to large
Head-Tail instability which limit the beam lifetime. Since
the threshold current of HT instability is directly related to
linear chromaticity, increasing the linear chromaticity to
slightly positive value is a solution to prevent HT instability. In this paper we increased the chromaticity of Iranian
Light Source Facility (ILSF) to (+4, +4) and we will investigate the beam dynamics of ILSF 3GeV storage ring in
high chromaticity. For reaching this aim we have used two
families of sextupoles for chromaticity correction and then
optimized them to maximize the dynamic aperture and
Touschek lifetime. The beam dynamics of high chromaticity lattice is presented in this paper.

This is a preprint — the final version is published with IOP

INTRODUCTION
One of the main design challenges for a strongly focusing lattice is to obtain adequate dynamic aperture (DA) for
injection and Touschek lifetime. One of the most important
limiting factors of beam life time in an ultra-low emittance
storage ring is chromaticity. Strong focusing storage rings
have typically large negative natural chromaticity due to
the strong quadrupoles. Large natural chromaticity has deleterious influence on the beam dynamics. It can lead to
large tune shifts resulting in crossing of potentially dangerous resonances and in the case of bunched beams the chromaticity produces a transverse instability called Head-Tail
(HT) instability. A complete mathematical treatment shows
that the growth rate of this instability is much faster for
negative than for positive chromaticity values and the
threshold current increase with chromaticity [1,2]. Therefore, a method for increasing the threshold current of HT
instability and thereby to have a more stable beam, is to
operate the storage ring at a higher chromaticity [3].
This paper describes the development of a high-chromaticity optics with linear chromaticity +4 in both transverse
planes for the Iranian Light Source Facility (ILSF) storage
ring with an ultra-low emittance, energy of 3 GeV and circumference of 528 m.
The storage ring lattice of ILSF consists of 20 five-bend
achromats separated by 7 m straight sections for IDs. Each
of the achromats consists of three unit cells and two matching cells. The unit cells have a 3.9° bending magnet, while
the matching cells at the ends of the achromat have a 3.15°
bending magnet. The main parameters of the ILSF storage
*

ring for both chromaticity (+1, +1) and (+4, +4) are listed
in Table 1.
Table 1: Main Parameters of ILSF Storage Ring
Parameter

Unit

Energy
Maximum
beam current
Emittance
Circumference
Number of super cell
Betatron tune
(𝜈 /𝜈 )
βx / β y
Momentum
compaction
factor (α)
RF frequency

GeV
mA

Chromaticity (+1, +1)
3
400

Chromaticity (+4, +4)
3
400

nm-rad
m
-

0.27
528
20

0.25
528
20

-

44.16/16.22

44.18/16.68

m
-

17.8/3.26
1.82 10-4

18.405/2.788
1.8 10-4

MHz

100

NON LINEARITY
The standard method for optimizing sextupoles of low
emittance light sources is based on hamiltonian perturbation approach using resonant driving terms [4].
We have used 6 families of sextupoles for the ILSF 3
GeV storage ring to correct the linear chromaticity, minimize chromatic tune shifts and tailor the chromatic tune
footprint while minimizing ﬁrst-order resonance driving
terms. ELEGANT [5] was used to correct the linear chromaticity to +4 in both planes using the two strongest chromatic sextupoles. The sextupole gradients of high chromaticity lattice are given in Fig. 1. We have made a comparison between sextupole gradients of chromaticity (+1, +1)
and high chromaticity lattice.

Figure 1: The sextupole gradients for the high-chromaticity
optics in comparison to chromaticity (+1, +1).
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BETA BEATING AND COUPLING CORRECTION OF THE ILSF STORAGE
RING
A. Mash'al1,2, E. Ahmadi1,2, S. Dastan2, J. Rahighi2, F. D. Kashani1
1
2

Department of Physics, Iran University of Science and Technology, Tehran, Iran

Iranian Light Source Facility (ILSF), Institute for Research in Fundamental Sciences
(IPM),Tehran, Iran

Abstract
The Iranian Light Source Facility (ILSF) is a 3 GeV
synchrotron radiation facility, which is in the design
stage. Inevitable errors like imperfection of magnetic field
and misalignment of magnets will introduce various destructive effects on the performance of the machine. The
possibility of correcting the errors should be thoroughly
examined before settling the design. In this paper, the
correction process of beta beating and coupling with LOCO is described. The rms beta beating in horizontal and
vertical planes after correction are reduced to 1% and 2%
respectively. The average coupling ratio of lattice for 100
random error distribution is corrected to 0.2%.

INTRODUCTION
The ILSF storage ring design is based on attaining an
ultralow emittance electron beam ring containing sufficient number of straight sections.[1] Horizontal beam
emittance of the bare lattice is brought down to 270 pm
rad. The final emittance of the lattice is dependent on the
number and type of Insertion devices (ID). For all ID
straight sections filled with 17 typical IDs, horizontal
emittance will be reduced to about 160 pm rad. The high
gradient quadrupoles and sextupoles are needed for optimizing linear and non-linear optics of the lattice. Therefore, inevitable errors like imperfections of magnetic field
and misalignment of magnets will introduce various destructive effects on the performance of the machine. Because of the inevitable errors such as fabrication errors,
calibration errors, or errors of the power supplies, the
strength and higher-order multipoles of magnets in the
final machine will be different from the design magnets.
In addition, alignment of the magnets will not be identical
with the ideal design alignment. These errors cause additional kicks, field gradients and sextupole strengths along
the lattice. To evaluate the effects of errors on the real
machine, the alignment errors and field errors are added
to all the magnets.[2] Maximum absolute value of random
alignment and filed errors are presented on Table 1. The
errors are generated with a Gaussian distribution truncated at ±1σ.

MOPTS040
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Table 1: Misalignment and Field Errors
Misalignment
error
Element to Girder
Girder to Girder
Field errors
Relative error

ΔX [μm]

ΔY [μm]

30

30

Δθ
[μrad]
200

100

100

200

ΔB/B
10-4

ΔK/K
10-3

ΔS/S
10-3

There are eight horizontal and eight vertical steering
correctors and two skew quadrupoles for coupling correction in each super-period of lattice. The position of BPMs
and correctors are shown in Fig. 1.

Figure 1:Position of BPMs and correctors.

CLOSED ORBIT CORRECTION
Correction of the orbit distortions generated from the
residual misalignments and magnetic field errors is one of
the most fundamental processes used for beam control in
accelerators. There are 8 BPMs [4], 8 horizontal correctors and 8 vertical correctors in each achromat of ILSF
storage ring lattice for this purpose. The algorithm of
orbit correction is based on singular value decomposition
(SVD) method. Regarding to the sensitivity of the lattice
and amount of the used errors on simulation, normally
there is no closed orbit in the first tracking. Therefore, the
correction process starts with pre-correction or trajectory
correction. The maximum COD for 100 random error
distribution before correction is 2.5 [mm] and 2 [mm] in
horizontal and vertical plane respectively. Maximum
closed orbit distortion in both horizontal and vertical
direction after correction reduced to 80 and 110 micrometers respectively.
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HARDWARE COMMISSIONING OF THE RENOVATED PIAVE INJECTOR
AT INFN-LNL
D. Bortolato, L. Bellan, J. Bermudez, G. Bisoffi, E. Bissiato, F. Chiurlotto, M. Comunian,
T. Contran, A. Facco, E. Fagotti, P. Francescon, A. Friso, A. Galatà, C. S. Gallo, M.G. Giacchini,
M. Lollo, D. Martini, M. O. Miglioranza, P. Modanese, M. Montis, E. Munaron, G. Nigrelli,
S. Pavinato, M. Pengo, A. Pisent, M. Poggi, L. Pranovi, M. Rossignoli, D. Scarpa, INFN/LNL,
Legnaro (PD), Italy, M. A. Bellato, INFN- Sez. di Padova, Padova, Italy,
V. Andreev, ITEP, Moscow, Russian Federation
Abstract
During 2018, the PIAVE superconducting linac injector
at INFN-LNL, based on superconducting RFQs and two
cryomodules with quarter wave resonators, underwent a
renovation plan. This operation was strictly related to the
one carried out on ALPI [1], which will become a post-accelerator for both stable and exotic beams in a near future.
PIAVE Quarter Wave Resonator (QWR) cryomodules, in
operation since 2006, were moved to ALPI to be used for
the acceleration of both stable beams and future exotic
beams delivered from the cyclotron target-ion-source station, after appropriate purification, charge breeding and
pre-acceleration stages. In order to cope with the removal
of the two QWR cryomodules in PIAVE, a newly designed
80 MHz room temperature buncher was designed, built and
tested: the buncher is required so as to match the longitudinal phase space between PIAVE superconducting RFQs
(SRFQ1 and SRFQ2) and ALPI. In the same period, substantial refurbishments on the ECR ion source platform
were carried out, in particular on its infrastructure and
safety equipment. A problem on an electronic component
on SRFQ2, though quickly fixed, delayed beam commissioning of the PIAVE injector, which will start at the end
of May 2019.

This is a preprint — the final version is published with IOP

INTRODUCTION
In April 2018, beam operation at the Tandem-ALPIPIAVE accelerator complex in Legnaro was suspended, so
as to concentrate manpower effort on the refurbishment of
the ALPI linac in view of its exploitation within the SPES
facility. Refurbishment of ALPI implied layout changes on
the PIAVE injector as well, where two QWR cryostats have
been removed and replaced with a third 80 MHz room temperature buncher, so as to keep the beam longitudinally focused after the SRFQs. The displacement of the QWR cryostats in ALPI was necessary so as to have them available
from both the PIAVE and the new exotic beam injector.
Fig.1 shows a side view of PIAVE layout, before and after the herein described modifications.
SPES [2] is a second-generation ISOL-type facility for
exotic beams, exploiting: a commercial proton cyclotron at
40 MeV with a 200 uA intensity, as the driver accelerator;
a UCx target with Surface Ionization, Plasma and LASER
Ion Sources (SIS, PIS; LIS); a high-resolution mass separator (M/M~20000) preceded by an RFQ cooler; a charge
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breeder and its associated Medium Resolution Mass Separator (MRMS); a room temperature 80 MHz RFQ, and an
injection line, with two 80 MHz bunchers and quadrupole
triplets, into the existing ALPI linac used as a RNB (radioactive nuclear beam) accelerator.
While building the rest of SPES, the layout of ALPI has
been modified and refurbished, by displacing two QWR
cryostats from PIAVE and increasing the gradient of 10
quadrupole triplets by 50%. In their new positions (CR01
and CR02) the displaced resonators will be available for
acceleration from both the old stable beam injector PIAVE
and the new ADIGE exotic beam injector.

Figure 1: Modification of the PIAVE layout, where two
cryostats (above), moved to ALPI, were replaced by a new
room temperature 80 MHz QWR buncher (below).
The PIAVE injector, deprived of the relocated QWR cryostats, will continue to serve as ALPI stable beam injector.
Beam dynamics of the modified PIAVE layout will be
shortly described. The removal of the cryostats required
implementation of a third 80 MHz normal conducting
buncher cavity, right after the recently upgraded SRFQs
[3], so as to match the longitudinal phase space at the entrance in ALPI. The buncher has been fully characterized
and conditioned, and prepared for beam operation.
During the 1-year long shutdown, substantial ameliorations on the ECR ion source and its platform were also carried out and are herein reported
Following displacement of heavy loads in the linac hall,
related to the cryostat relocation from PIAVE to ALPI,
careful reconstruction of the LASER tracking (LT) alignment network in PIAVE and ALPI had to be carried out, in
addition to element alignment on the beam line.
MOPTS042
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ESS RELATED ACTIVITIES AT ELETTRA SINCROTRONE TRIESTE
A. Fabris†, D. Caiazza, D. Castronovo, M. Cautero, S. Cleva, R. De Monte, R. Fabris,
M. Ferianis, S. Grulja, A. Gubertini, T. N. Gucin, R. Laghi, G. Loda, C. Pasotti, R. Visintini,
Elettra Sincrotrone Trieste, Trieste, Italy
Abstract
Elettra Sincrotrone Trieste Research Center (Elettra) is
one of the Italian Institutions, together with Istituto Nazionale di Fisica Nucleare (INFN) and Consiglio Nazionale delle Ricerche (CNR), committed to the realization
of the Italian in-kind contributions for the European Spallation Source. Elettra contributions are concentrated on the
proton accelerator and more specifically they concern the
construction of the conventional iron-dominated electromagnets and related power converters to be installed in the
superconducting part of the linac and in the High energy
Beam Transport (HEBT), the RF power stations for the superconducting spoke cavity linac section and the wire scanner acquisition system for the beam diagnostics. This paper
provides a description of the contributions and an overview
of the status of the construction activities.

OVERVIEW
The European Spallation Source (ESS) [1] is a pan-European project with 13 European nations as members, including the host nations Sweden and Denmark. ESS was
designated a European Research Infrastructure Consortium, or ERIC, by the European Commission in August
2015. Italy, founding member of European Spallation
Source ERIC, has designated INFN, Elettra and CNR as
the three national Institutions in charge for the realization
of the in-kind contribution of the country to the project and
in this framework INFN acts as Representative Entity (RE)
of Italy in European Spallation Source - ERIC.
The research infrastructure is under construction in
Lund, Sweden [2]. The project foresees the production of
neutrons by spallation reaction of protons on a helium gas
cooled tungsten rotating target. The proton beam will be
produced by a linear accelerator which at the final stage
will reach 2 GeV beam energy and 5 MW power.
Based on the know-how of the Laboratory and the needs
of the project, Elettra has agreed to provide contributions
to the construction of the proton accelerator. Elettra will
contribute with magnets, power converters, radiofrequency
(RF) power stations, diagnostics, installation and commissioning support. For all the contribution, except the one
concerning installation and commissioning support, Inkind agreements have been signed and are now operative.
It must be also noted that, in order to address the complex
administrative issues involved, for the magnets, the power
converter and the RF power stations, trilateral in-kind
agreements needed to be established involving beside ESS
and Elettra also INFN due to its role of RE of Italy in the
ERIC. In this framework INFN has taken the task of issuing the main procurement tenders.
_________________________________________
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MAGNETS
Elettra in-kind contribution scope includes the construction of the dipole, quadrupole and corrector magnets as reported in Table 1 [3]. This means a total of 213 magnets of
different typologies. All magnets are normal conducting
operated in DC mode.
Table 1: Magnets List
Type
Q5
C5

Description
Quantity
Quadrupole for spoke linac
26
Dual-plane corrector for spoke
13
linac
Q6
Quadrupole for medium-beta
95
linac, high-beta linac, high energy
linac, beam transport and dump
line
C6
Dual-plane corrector for medium55
beta linac, high-beta linac, high
energy linac, high energy beam
transport and dump line
Q7
Quadrupole magnet for accelera12
tor to target ramp
D1
Vertical dipole magnet for high
2
energy beam transport and accelerator to target ramp
Q8
Quadrupole magnet for accelera6
tor to target ramp
C8
Dual-plane corrector for accelera4
tor to target ramp
For the magnet types Q5, Q6, Q7 and C5, C6, the magnetic design and the mechanical design has been performed
by Elettra, while the finalization of the mechanical design,
the productions engineering and the construction of the
magnets is being performed by Danfysik. The completed
magnets are then delivered to Elettra, where the magnetic
measurements and characterization take place in a dedicate
magnetic measurement laboratory (Fig. 1). After the tests,
the components are then shipped by Elettra to STFC in UK
where they are integrated in the linac warm units prior of
being finally delivered to ESS in Lund. Construction is ongoing and the completions of the deliveries to STFC is
planned for July 2019.
Q5, Q6, Q7 are water cooled quadrupole magnets. Their
design, besides beam dynamics requirements, targeted to
standardize the requirements for power converter. To this
purpose, the design of all the quadrupole coils allows
adopting the same conductor cross-section and the same
maximum current, or rather the same maximum current
density. Since Q6 and Q7 have the same bore diameter and
the same good field region radius, these two quadrupoles
MOPTS043
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THE BETATRON EQUATION WITH THE SYNCHRO-BETATRON
COUPLING TERM AND SUPRESSION OF THE COUPLED-BUNCH
MODE
Kouichi Jimbo∗ , Institute of Advanced Energy, Kyoto University, Uji, 611-0011 Kyoto, Japan
Abstract
The synchrotron oscillation, which is both longitudinal
and horizontal oscillations, occurs under a constant longitudinal velocity of revolving particle.The synchrotron and betatron equations for revolving particles are derived from the
improved Hamiltonian. The betatron equation accompanys
the shinchro-betatron resonant coupling term. The coherent
synchrotron oscillation frequency of the bunch is defined
from the integrated phase. Taking advantage of the resonant coupling term, an experiment to suppress magnetically
the destabilized coupled-bunch mode of the synchrotron
oscillation is proposed.

INTRODUCTION
We discussed the oscillating synchrotron motion [1] using the Hamiltonian composed of coasting, synchrotron and
betatron motions. We call it the synchrotron oscillation. The
synchrotron oscillation is not only the longitudinal oscillation of the revolution frequency but also the horizontal
oscillation of the average radius. It is unveiled that the longitudinal velocity v of revolving particle is constant under
the synchrotron oscillation. On the frame of revolving particle, the synchrotron oscillation is a pure horizontal oscillation. Therefore, if we can somehow artificially suppress
the horizontal oscillation, we can suppress the synchrotron
oscillation as a whole. The Hamiltonian, which clarified
the synchro-betatron resonant coupling mechanism in a storage ring, revealed that the energy exchange between the
betatron and synchrotron oscillations was possible ( x̄ and
δs are coupled) since both oscillations have the horizontal
component [2]. However, the synchro-betatron resonant
coupling term did not arise naturally. The synchrotron oscillation coupled with the betatron oscillation around the
on-momentum (reference) closed orbit but not with that
around the off-momentum closed orbit. In this manuscript,
a scale factor term of the geometry ( x̄/ρ)δs is introduced
into the Hamiltonian to overcome this problem. Then the
synchrotron oscillation will be derived and discussed related
to the coherent synchrotron mode of the bunch. We propose
a method to suppress the destabilized coupled-bunch mode
of the synchrotron oscillation through the synchro-betatron
resonant coupling term.

THE IMPROVED HAMILTONIAN FOR
REVOLVING PARTICLES
In the right-handed curvilinear coordinate (x, s, z, x is the
horizontal coordinate, px is the horizontal momentum and
∗
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s is the orbital length. We assume that an on-momentum
particle of mass m and momentum p0 is revolving on the
orbit of the average radius R under the dipole magnetic field
−B. δ is the (rationalized) fractional deviation, ϕ is the
phase and t is time. Then the orbit angle is θ = s/R, the
revolution frequency is ω = dθ/dt and the (longitudinal)
velocity is v = ds/dt, which satisfies v = βc and c is the
velocity of light. For the off-momentum closed orbit, x̄ is
the horizontal coordinate, p̄x is the horizontal momentum,
ϕ D is the phase delay, D is the dispersion function and ρ
is the radius of curvature. They are defined in [1]. The
prime denotes differentiation with respect to s. Keeping
up to the 2nd order to describe a revolving particle with
coasting, betatron and synchrotron motions, the Hamiltonian
H̄ composed of three motions is obtained [2]. Now we
neglect the DC component δC of the fractional deviation
δ = δC + δs for convenience (δ → δs ). The oscillating
component δs is the fractional deviation of the kinetic energy
caused by the synchrotron oscillation. Then, add a scale
factor term ( x̄/ρ)δs in the coasting motion. The improved
Hamiltonian turns to be

H = − (1 + δs ) + ( x̄/ρ)δs +

 2
1 p̄x
1
1
+ Ks x̄ 2 + (−η)δs2
2 p0
2
2
(1)

hqV
[cos(ϕ + ϕ D ) − cos(ϕs + ϕ D )
2π β2 E0
+ (ϕ − ϕs ) sin(ϕs + ϕ D )]
−

where the coasting motion consists of the 0th (on-momentum
particle) and 1st (δs ) order effects. In the 0th order, ϕ = ωt.
ϕs is the synchronous phase. h is the harmonic number and
hω is the RF frequency. V is the (effective) RF voltage. η is
the phase slip factor. Since v∫is a constant in the synchrotron
oscillation [1], we have s = v dt = v(t − t ′) where t ′ is an
arbitrary reference time. Then

θ=

s
v(t − t ′)
=
.
R
R

(2)

Now it is possible to replace s−description with
t−description in the next section.
We assume ϕ → ϕs for the synchrotron oscillation in the
following discussion.
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UPGRADE OF THE 3 MeV LINAC FOR TESTING OF ACCELERATOR
COMPONENTS AT J-PARC
Y. Kondo∗ , T. Morishita, K. Hirano, T. Ito, N. Kikuzawa, R. Kitamura,
H. Oguri, K. Ohkoshi, S. Shinozaki, K. Shinto,
JAEA, Tokai, Naka, Ibaraki, 319-1195, Japan
Z. Fang, Y. Fukui, K. Futatsukawa, K. Ikegami, T. Miyao, K. Nanmo, M. Otani, T. Shibata,
KEK, Oho, Tsukuba, Ibaraki, 305-0801, Japan
T. Hori, Y. Nemoto, Y. Sato,
Nippon Advanced Technology Co., Ltd., Tokai, Naka, 319-1112, Japan
F. Kobayashi, ULVAC Human Relations, Ltd., Hagisono, Chigasaki, Kanagawa, 253-0071, Japan
D. Takahashi, R. Tasaki,
Kanto Information Service Co., Ltd., Bunkyo, Tsuchiura, Ibaraki, 300-0045, Japan
Y. Ito, Y. Kato, Total Support Systems Co., Tokai, Naka, Ibaraki, 319-1116, Japan
T. Ishiyama, Y. Sawabe,
Mitsubishi Electric System & Service Co., Ltd., Umezono, Tsukuba, Ibaraki, 305-0045, Japan
Abstract
We have upgraded a 3 MeV linac at J-PARC. The ion
source is same as the J-PARC linac’s, and the old 30 mA
RFQ is replaced by a spare 50 mA RFQ, therefore, the beam
energy is 3 MeV and the nominal beam current is 50 mA.
The main purpose of this system is to test the spare RFQ,
but also used for testing of various components required in
order to keep the stable operation of the J-PARC accelerator.
The accelerator has been already commissioned, and measurement programs have been started. In this paper, present
status of this 3 MeV linac is presented.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) is a multi-purpose facility for particle physics, nuclear physics, materials and life science, and study of transmutation. The J-PARC accelerator [1] consists of a 400 MeV
linac, a 3 GeV rapid cycling synchrotron, and a 50 GeV
main ring. The energy and peak beam current of the linac
are 400 MeV and 50 mA, respectively. They were already
achieved, but to keep the stable operation, components such
as scrapers of beam chopper at the medium energy transport (MEBT) should be constantly inspected. However, the
actual J-PARC linac is a user operation machine, therefore,
it is almost impossible to use it for the beam test of the
components.
To this end, we constructed a 3 MeV linac on the first
floor of the J-PARC linac building [2]. This linac consists
of a negative hydrogen (H− ) ion source, a low energy beam
transport (LEBT), a radio frequency quadrupole (RFQ) linac,
and a diagnostics test bench. A four-vane-type RFQ, which
was used for the J-PARC linac until the summer of 2014, was
used for this 3 MeV linac: The design peak beam current
of this RFQ is 30 mA (RFQ I [3]). In 2018, a new 50 mA
RFQ [4], which is a spare of the J-PARC RFQ, replaced this
∗
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RFQ. By this upgrade, the 3 MeV linac becomes available
for high-current operation. The duty factor of this linac is
0.3%, which corresponds to 0.5 kW. The accelerator itself
has a capacity of at least 2 kW. However, the beam power
is limited by radiation dose, because there are no radiation
shields between the accessible area during the operation.
The accelerator has been commissioned and 50 mA beam
is now available. Then, this linac will be used for inspection
of scrapers, bunch-shape monitors, and others. We will be
able to install new devices into the actual J-PARC linac after
the full testing.
In this paper, details of the upgrade of this linac and the
preliminary results of the first beam operation are described.

EXPERIMENTAL APPARATUS
Figure 1 shows the schematic layout of the 3 MeV linac.
This linac is a very compact system; all the components
except for the cooling water supply are stuffed in one room
with an area of 40 × 10 m2 .
The same RF driven ion source for the J-PARC linac [5]
is employed. The plasma is driven by a pulsed 2 MHz RF
power, and a 30 MHz continuous wave RF is also used to
ignite the plasma. A 60 kW solid-state amplifier system is
used as the RF source. The extraction energy is 50 keV. The
LEBT is equipped with two solenoid magnets, and the space
charge neutralization effect is also used to focus the beam.
The beam current injected to the RFQ is measured using a
movable Faraday cup or a slow current transformer (SCT)
located between the two solenoid magnets.
The RFQ was replaced from old RFQ I to a spare 50 mA
RFQ. Figure 2 shows the decommissioning of RFQ I and
the installation of the new RFQ. Table 1 lists the parameters
of the new RFQ. The cavity of the new RFQ has monolithic
structure. The cavity is longitudinally segmented to three
modules, and the vane length is 3063 mm. Each module
consists of four vanes and they are brazed together. The ma-
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RADIATION MEASUREMENT IN THE 1ST BEAM COMMISSIONING
CAMPAIGN OF THE LIPAc RFQ
K. Kondo, S. Kwon, T. Shinya, M. Sugimoto, K. Sakamoto, QST, Rokkasho, Aomori, Japan
L. Bellan, F. Grespan, F. Scantamburlo, INFN/LNL, Legnaro, Italy
I. Podadera, CIEMAT, Madrid, Spain
H. Dzitko, R. Heidinger, Fusion for Energy, Garching, Germany
P. Cara, IFMIF/EVEDA Project Team, Rokkasho, Aomori, Japan
Abstract
The 1st proton beam acceleration of the Linear IFMIF
Prototype Accelerator (LIPAc) through its novel RFQ was
succeeded on 13th June 2018. Addition to plenty of beam
diagnostics equipped in the beam line, we prepared some
radiation detectors placed around the accelerator in order
to acquire supplemental information of the beam, as an indirect measurement. In the first day of the beam injection
to the RFQ, the gamma-rays corresponding to certain excited states of Al of the low power beam dump were successfully detected by a LaBr3(Ce) scintillation detector.
Some neutrons, which would originate from the interaction
of protons with Cu somewhere, were also observed. These
results proved that the beam was certainly accelerated up
to about 2.5 MeV, and provided us a definitive confidence
that the RFQ was working appropriately from the very beginning of the commissioning. Also, the comparison of the
radiation yields with the RFQ transmission provided additional information on the beam energy distribution.

INTRODUCTION
The construction of the Linear IFMIF Prototype Accelerator (LIPAc), which is a prototype of the IFMIF (International Fusion Material Irradiation Facility) deuteron accelerator projected to validate the acceleration of deuterons up
to 9 MeV with a beam current of 125 mA in CW, is progressing at Rokkasho, Aomori, Japan [1]. The beam commissioning of LIPAc is now in the stage of ‘Phase-B’, in
which we aim to have deuteron beam acceleration up to 5.0
MeV through the novel RFQ [2] and the characterization
of the beam in pulsed mode at low duty cycle (0.1% in
nominal) [3]. Also, the commissioning of MEBT section
with two bunchers [4], as an interface to the SRF Linac,
and the functionality test of beam diagnostics are ongoing.
The 1st proton beam acceleration of the LIPAc through
the RFQ was succeeded on 13th June 2018 [5]. Addition to
plenty of beam diagnostics equipped in the beam line, we
prepared some radiation detectors placed around the accelerator in order to acquire supplemental information of the
beam, as an indirect measurement. The details of the attempt of this measurement are presented in this paper. The
comparison of the radiation yield with the RFQ transmission measurement is discussed as well.
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LIPAc PHASE-B CONFIGURATION
Figure 1 shows the accelerator layout of LIPAc in
Phase-B. The accelerator consists of the injector with an
ECR ion source (H+ 50 keV/ D+ 100 keV), LEBT, then the
world longest RFQ, MEBT composed of 5 Q magnets, 2
scrapers and 2 bunchers, D-Plate and the low power beam
dump (LPBD) that can withstand only low duty cycle operations. LPBD consists of an aluminium alloy cone that is
water-cooled, lead gamma shields and polyethylene neutron shields surrounding the cone.
While the final goal of the Phase-B is the demonstration of the 125 mA deuteron acceleration to 5 MeV with
pulsed beam of 1 ms, 1 Hz (duty 0.1%), the initial beam
commissioning was started with proton beam (2.5 MeV at
the exit of RFQ) with a smaller current around 10 mA,
which was the achievable minimum with the LIPAc ion
source. The pulse width injected to RFQ was set to 300 s
by using a chopper in LEBT. As the beam diagnostics,
three ACCTs placed at the entrance of RFQ, the exit of
RFQ, on the D-Plate and 7 sets of BPM (4 in MEBT and 3
in D-Plate) [6] were available from the beginning as well
as LPBD, whose cone was isolated and used as Faraday
Cup.

Figure 1: Layout of LIPAc in Phase-B.

RADIATION MEASUREMENT
PRINCIPLE
Gamma-rays from LPBD
The threshold energy of the 27Al(p,n) reaction is 5.80
MeV, thus no neutrons are produced on LPBD. Several
specific gamma rays can be produced from the inelastic
scattering of proton on Al. The following three lines are
expected to be dominant with the proton beam of 2.5 MeV
[7]:
844 keV : 27Al(p,p’1)
1014 keV : 27Al(p,p’2)
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LONGITUDINAL MEASUREMENTS AND BEAM TUNING IN THE
J-PARC LINAC MEBT1
M. Otani∗ , K. Futatsukawa, T. Miyao, Y. Liu, KEK, Oho, Tsukuba, 305-0801, Japan
K. Hirano, Y. Kondo, A. Miura, H. Oguri, JAEA, Tokai, Ibaraki, 319-1195, Japan
Abstract

P

The Japan Proton Accelerator Research Complex (JPARC) linac is operated with design peak current of 50 mA
from 2018. For operation with such a high beam current, it
is important to understand transverse and longitudinal beam
properties especially in low-velocity region. A medium
energy beam transport (MEBT1) line between the 3-MeV
radio-frequency quadrupole linac (RFQ) and the 50-MeV
drift-tube linac (DTL) is a 3-m-long transport line to match
the beam to the DTL and produces a macro pulse conﬁguration for a 3-GeV rapid-cycling synchrotron (RCS). In
this paper, recent measurements and beam tuning results in
MEBT1 will be presented.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) linac consists of a 50-keV negative hydrogen (H – )
ion source (IS), a 3-MeV radio-frequency quadrupole linac
(RFQ), a 50-MeV drift-tube linac (DTL), a 191-MeV
separated-type DTL (SDTL), and a 400-MeV annular-ring
coupled structure (ACS). A medium-energy beam transport
section (MEBT1) is installed between the RFQ and DTL in
order to produce a macro pulse conﬁguration for a 3-GeV
rapid-cycling synchrotron (RCS).
The J-PARC linac is operated with design peak current of
50 mA from 2018. Further, a higher beam current is being
investigated for future projects at J-PARC. For operation
with such a high beam current, it is important to understand
transverse and longitudinal beam properties especially in
MEBT1 because space charge eﬀect is most prominent.
In this paper, the beam measurements and current status
of the beam tuning at MEBT1 are presented. First, we show
beamline components in MEBT1. Then, we show results of
the beam measurements and beam tuning at MEBT1. Finally,
we summarize our results.

BEAMLINE
MEBT1 is a 3-m-long transport line, as shown in Fig. 1.
MEBT1 has two main functions. One is the matching of
the beam to the DTL. Eight quadrupole magnets (Q1 to Q8)
and two buncher cavities are used for this purpose. The
other is the production of a macro pulse conﬁguration in
accordance with the radio-frequency of the RCS. The radiofrequency deﬂector (RFD) and a scraper located 0.72 m
downstream from the RFD serve this function; unnecessary
beam bunches are horizontally deﬂected by the RFD and
then dumped to the scraper.
∗
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Figure 1: Schematic of MEBT1.

The RFD consists of two radio-frequency gaps operated
in a TE11 -like mode. The operation frequency is 324 MHz
which is same as that of the RFQ and DTL. The distance
between the gaps corresponds to 3βλ, where β is the particle
velocity normalized to the speed of light and λ is a radiofrequency wavelength. Because the two radio-frequency
gaps are independently operated with a semiconductor ampliﬁer with a peak power of 120 kW [1], the synchronous
phase and radio-frequency voltage are tuned individually.
The design electric ﬁeld for deﬂecting beam is 2.6 MV/m
and deﬂecting angle is 6 mrad.
The transverse beam proﬁles are measured by a wire scanner monitor (WSM) [2]. The WSM employs 7 μm diameter
carbon wire. Because the frame is installed with 45◦ against
the horizontal axis and the frame has two wires in the horizontal and vertical directions, the horizontal and vertical
proﬁles can be measured. The head is moved by 0.1 mm
step using a stepping motor unit. In this paper, three WSMs
(WSM-A, WSM-B, and WSM-C shown in Fig. 1) were used.

MEASUREMENT AND TUNING
Transverse Measurement
The Courant–Snyder parameters in the transverse direction were measured by so-called Q-scan method. The beam
proﬁle in the horizontal and vertical directions were measured using the pair of Q3 and WSM-B and the pair of Q2
and WSM-A, respectively. The measurements were performed at diﬀerent quadrupole ﬁeld strength. Almost 100%
beam transmission to the beam current monitor located behind the WSM is maintained during the measurements. In
order to treat the transverse direction independently to the
longitudinal direction, the buncher cavity was not operated
during the measurements.
Figure 2 shows the transverse beam size measured by
the WSMs. The measurements were performed at diﬀerent
period: October 2018 and March 2019. An RF antenna in
the IS module was replaced as a regular maintenance work
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THE FIRST REPLACEMENT OF THE RF WINDOW OF THE ACS CAVITY
J. Tamura∗ , Y. Kondo, T. Morishita, J-PARC, JAEA, Ibaraki, Japan
F. Naito, M. Otani, J-PARC, KEK, Ibaraki, Japan
Y. Nemoto, Nippon Advanced Technology Co.,Ltd., Ibaraki, Japan
ACS cavity

Abstract
In 2013, the Annular-ring Coupled Structure (ACS) cavities were installed to the Japan Proton Accelerator Research
Complex (J-PARC) linac. Since then, the ACS cavities have
been stably running. Although any serious problem induced
by the RF window had not yet observed, we decided to
replace the RF window of one ACS cavity by the newly manufactured one. The major motivations of the replacement are
to check the surface condition of the RF window which have
been under operation for nearly five years, to confirm that the
new RF window fully meets specifications, and to learn how
much time is required for high-power conditioning of the
new RF window. By making use of the summer maintenance
period of 2018, we carried out the replacement. This was
the first experience for us to replace the RF window installed
to the ACS cavity in the linac accelerator tunnel. As for the
removed RF window, there was no any abnormal warning
found with the visual examination. At the resuming of the
cavity operation after the maintenance period, we conducted
the high-power conditioning in a measured manner. It took
around fifty hours so that the targeted peak power was stably
input to the cavity through the new RF window. The ACS
cavity with the new RF window is now stably operating.

Beam axis
Accelerating
tank

Bridge
tank

Vacuum
port

Pillbox-type
RF window
RF
power

Figure 2: Configuration of the RF window and the ACS
cavity in the J-PARC linac.

stably running. Figure 1 shows the ACS cavities installed in
the beam line of the J-PARC linac.
To maintain the operation availability, we have prepared
spares of the RF windows for the ACS cavities [3–5], which
could get broken with a long-term use under a high-power
operation. Figure 2 shows a configuration of the RF window
and the ACS cavity in the J-PARC linac. The ACS cavity
consists of two accelerating tanks and one bridge tank. The
rectangular waveguide is connected to the center cell of the
bridge tank. The main parameters of the RF window are
summarized in Table 1.

INTRODUCTION

This is a preprint — the final version is published with IOP

In 2013, the Annular-ring Coupled Structure (ACS) [1,
2] cavities were installed to the Japan Proton Accelerator
Research Complex (J-PARC) linac. The beam energy of the
linac was upgraded from 180 MeV to 400 MeV by the twentyfive ACS cavities. Since then, the ACS cavities have been

Table 1: Main Parameters of the RF Window for the J-PARC
ACS Cavity
Frequency
Peak power
Pulse length
Pulse repetition
Ceramic material

972 MHz
2.0 MW
600 µs
50 Hz
Al2 O3 95% (NGK/NTK HA-95)

Although any serious problem induced by the ACS RF
window had not yet observed, we decided to replace the RF
window of one ACS cavity by the newly manufactured one.
The major motivations of the replacement are as follows:
• To check the surface condition of the RF window which
have been under operation for nearly five years.
• To confirm that the new RF window fully meets specifications.
• To learn how much time is required for high-power
conditioning of the new RF window.

REPLACEMENT OF THE RF WINDOW
Figure 1: ACS cavities in the beam line of the J-PARC linac.
∗

jtamura@post.j-parc.jp

MC4: Hadron Accelerators
A08 Linear Accelerators

By making use of the summer maintenance period of
2018, we replaced the RF window of the ACS18 which
is the eighteenth accelerating cavity in the order of beam
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VSWR ADJUSTMENT FOR ACS CAVITY IN J-PARC LINAC
J. Tamura∗ , Y. Kondo, T. Morishita, J-PARC, JAEA, Ibaraki, Japan
F. Naito, M. Otani, J-PARC, KEK, Ibaraki, Japan
Y. Nemoto, Nippon Advanced Technology Co., Ltd., Ibaraki, Japan
ACS cavity

Abstract
In the Japan Proton Accelerator Research Complex (JPARC) linac, negative hydrogen beams are accelerated from
190 MeV to 400 MeV by Annular-ring Coupled Structure
(ACS) cavities. The RF input coupler of the ACS21 cavity, which is the twenty-first (the last) accelerating cavity in
the order of beam acceleration, had a comparatively larger
Voltage Standing Wave Ratio (VSWR) value than the other
ACS cavities. Therefore, we designed and manufactured a
rectangular waveguide which have a capacitive iris to adjust
the coupling factor of the ACS21 cavity. By making use of
the summer maintenance period in 2018, we installed the
newly manufactured waveguide to the cavity. Consequently,
the VSWR of the ACS21 was successfully decreased to the
target value which leads to the critical coupling under the
nominal accelerating condition with 50-mA peak beam current.

INTRODUCTION
In the Japan Proton Accelerator Research Complex (JPARC) linac, negative hydrogen beams are accelerated from
190 MeV to 400 MeV by Annular-ring Coupled Structure
(ACS) cavities [1, 2]. The J-PARC ACS consists of two
buncher cavities, twenty-one accelerating cavities, and two
debuncher cavities. All the ACS cavities are operated with
972 MHz of accelerating mode (π/2-mode) frequency.
One ACS cavity is divided into two accelerating tanks
and one bridge tank. With respect to the accelerating cavity, there are seventeen accelerating cells and sixteen coupling cells in each accelerating tank, while there are five
accelerating cells and four coupling cells in the bridge tank.
Figure 1 shows the accelerating cavity of the J-PARC ACS.
The electromagnetic field is excited in the accelerating cells,
whereas the field is not excited in the coupling cells. The
accelerating mode (π/2-mode) frequency is tuned to the op150 L/s Ion pump Vacuum manifold
Accelerating tank

Accelerating tank

42

Bridge tank Waveguide
connection
500 L/s Ion pump

Figure 1: Accelerating cavity of the J-PARC ACS.
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Pillbox-type
RF window
RF
power

Figure 2: Bridge coupler of the J-PARC ACS.

erating frequency of 972 MHz by adjusting the position of
the five plungers in the accelerating cells of the bridge tank.
The rectangular waveguide is connected to the center cell
part of the bridge tank. As shown in Fig. 2, an RF power
passing through the pillbox-type RF window [3] is fed into
the cavity through the iris in the center accelerating cell.
The RF input coupler of the ACS21 cavity, which is
the twenty-first (the last) accelerating cavity in the order
of beam acceleration, had a comparatively larger Voltage
Standing Wave Ratio (VSWR) value than the other ACS
cavities. Therefore, we designed and manufactured a rectangular waveguide which has a capacitive iris to adjust the
coupling factor of the ACS21 cavity. This was the first experience to change the matching condition of the ACS cavity
which had been operated for beam acceleration. In this paper, the VSWR adjustment for the ACS21 cavity performed
in the summer maintenance period of 2018 is presented.

DESIGN OF THE CAPACITIVE IRIS
The matching of the ACS cavity and the waveguide is determined by the configuration of the coupling iris. Therefore, it is more diﬃcult to change the VSWR of the ACS
than the case of coaxial-type couplers where the coupling
factor can be tuned by changing the direction of the loop
antenna or by taking the straight antenna in and out the cavity. To adjust the coupling factor of the ACS21 cavity1 , we
decided to provide the rectangular waveguide, which is located between the cavity and the RF window as shown in
Fig. 2, with a capacitive iris by using the same scheme as [4]
where the VSWR of the ACS11 cavity was corrected from
1.85 to 1.45 by the 20-mm width iris.
To get the critical coupling under the nominal accelerating condition with 50-mA peak beam current, we set the
target value of the VSWR of the ACS21 cavity to 1.46.
1

Although the reflection from the total load (the cavity and the RF window) is determined by the combination of the VSWRs of the cavity and
the RF window, we aimed to realize the best matching only with the cavity assuming that the RF window itself has no reflection.
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LATTICE DESIGN FOR 5MeV-125mA CW RFQ OPERATION
IN THE LIPAc
Y. Shimosaki†,1, A. Kasugai, K. Kondo, K. Sakamoto, M. Sugimoto, QST, Rokkasho, Japan
P. Cara, IFMIF/EVEDA Project Team, Rokkasho, Japan
D. Duglue, H. Dzitko, R. Heidinger, F4E, Garching, Germany
N. Chauvin, CEA/Saclay, Gif-sur-Yvette, France
L. Bellan, M. Comunian, E. Fagotti, A. Pisent, INFN-LNL, Legnaro, Italy
B. Branas, C. Oliver, I. Podadera, CIEMAT, Madrid, Spain
H. Kobayashi, K. Takayama, KEK, Tsukuba, Japan
1
also at KEK Tsukuba, Japan
Abstract
The installation and commissioning of the LIPAc are ongoing under the Broader Approach agreement, which is the
prototype accelerator of the IFMIF for proof of principle
and design. The deuteron beam will be accelerated by the
RFQ linac from 100 keV to 5 MeV during the commissioning phase-B and by the SRF linac up to 9 MeV during the
phase-C. The commissioning phase-B+ will be implemented between phase-B and C to complete the engineering validation of the RFQ linac before installing the SRF
linac. The lattice for the deuteron beam of 5 MeV and 125
mA at the commissioning phase-B+ was designed.

phase B, the D+ will be transported through the medium
beam transport system (MEBT) and the beam diagnostic
system (D-plate), and then it will be absorbed by the low
power beam dump (LPBD) (see Fig.1(a)). It should be
noted that, at the MEBT, there are 2 scrapers to remove the
halo and 2 bunchers to match the longitudinal beam distribution to the SRF’s one (see Fig. 2).

INTRODUCTION
The International Fusion Materials Irradiation Facility
(IFMIF) aims to provide an accelerator-based, D-Li neutron source to produce high energy neutrons for DEMO reactor materials qualification. The Linear IFMIF Prototype
Accelerator (LIPAc) is the prototype accelerator of the
IFMIF for proof of principle and design. The installation
and commissioning of the LIPAc are ongoing under the
Broader Approach agreement, concluded between the European Atomic Energy Community (Euratom), whose implementing agency is F4E, and Japan [1, 2].

Figure 1: Accelerator components at (a) commissioning
phase-B, (b) phase-B+, and (c) phase-C and D.
At the LIPAc, the deuteron beam (D+) of 140 mA generated from the injector will be accelerated by the RFQ
linac from 100 keV to 5 MeV. During the commissioning
____________________________________________
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Figure 2: Schematic view of LIPAc at phase-B+.
The commissioning phase-B+ will be implemented between phase-B and C. Its main goal is to validate the CW
operation of the RFQ linac on the condition of the D+ with
125 mA and 5 MeV for 30 minutes before installing the
SRF linac. The phase-B+ consists of substituting the SRF
linac in the phase-C configuration for a new beam transport
line, which is called the drift line (see Figs. 1(b) and (c)).
After passing through the drift line and the high energy
beam transport system (HEBT) merged with the D-plate,
the D+ will be absorbed by a high power beam dump
(HPBD). During the phase-C, the D+ will additionally be
accelerated by the SRF linac up to 9 MeV. The CW operation is not foreseen in phase-C, and it is foreseen in the
phase-D whose accelerator components is identical with
those of the phase-C.
In the new drift line at the Phase-B+, 4 quadrupole magnets, 2 steering magnets and 2 BPMs are assembled (Fig.
2). In order to meet the beam requirements for the phaseB+, the lattice design was performed. The beam requirements and results are presented in detail.

REQUIREMENTS FOR PHASE-B+
The requirements for the phase-B+ are listed as follows:
• The installation of the SRF linac is planned after the
phase-B+, so that the installation and un-installation
of the drift line must be simple. Therefore, it is
planned that 4 quadrupole magnets are installed as the
MOPTS051
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SIMULATION OF ELECTRIC AND THERMAL BEHAVIOR OF CRYOGENIC THREE-CELL COPPER ACCELERATING CAVITY FOR HIGH
GRADIENT EXPERIMENTS
T. Tanaka†, T. Sakai, K. Hayakawa, Y. Hayakawa, Y. Sumitomo, K. Nogami, Y. Takahashi, Laboratory for Electron Beam Research and Application, Nihon University, Funabashi, Japan
Abstract
A cryogenic C-band 3-cell π-mode accelerating cavity
made of high purity copper has been designed for high
power experiments aimed at an ultra-high accelerating gradient. The basic configuration of the cavity, consisting of
the mode converter, the short circular waveguide and the
accelerating cells with a rounded shape, is the same as that
of the previous 2.6-cell photocathode electron gun cavity
developed for cold tests. Due to replacement of the 0.6-cell
end cavity with a full-cell cavity, the estimated total radio
frequency (RF) power loss has been reduced by 7 % as
compared with the 2.6-cell cavity. The input coupling coefficient of β = 10 at 20 K has been chosen by taking into
account a significant decrease in the quality factor caused
by the pulsed heating of the cavity surface. The result of
the simulation on the input of high power RF pulse has
shown similar behaviours of the electric field and the temperature on the cavity surface as those which were suggested for the 2.6-cell cavity.

INTRODUCTION
Normal-conducting copper accelerating structures have
conventionally been operated at temperatures around 30 to
40 °C because of the high heat removal efficiency and temperature stability readily achieved by means of precisely
controlled cooling water systems. However, it is well
known that the operation at cryogenic temperatures is advantageous with respect to the RF power efficiency [1].
The authors have confirmed experimentally that the unloaded quality factor of a C-band copper cavity at 20 K can
be increased to 5.4 times the value at room temperature [2].
Another advantage of a cryogenic copper cavity has been
suggested with respect to the vacuum breakdown rate at
very high RF electric field strengths [3, 4].
In order to study the possibility of realizing an ultra-high
accelerating gradient of >100 MV/m by extension of conventional RF technologies, a C-band 3-cell accelerating
cavity has been designed as a high power test model. The
result of the electric design simulation by CST Studio [5]
has been applied to the simulations of the electric and the
thermal behaviours during the high power pulsed RF feeding up to 50 MW, where the same calculation method has
been employed as described in the reports on a 2.6-cell
photocathode RF electron gun cavity [6, 7].

DESIGN OF THE 3-CELL CAVITY
The basic configuration of the 3-cell π-mode cavity is
the same as that employed in the cold model of the 2.6-cell
___________________________________________
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photocathode RF electron gun. The resonant frequency of
5712 MHz has been chosen in consideration of the ready
availability of a high power C-band pulse klystron. Figure 1 shows a 3D drawing of the inner surface of the entire
cavity. The mode converter of the input RF from rectangular TE10 to circular TM01 has the same dimension that was
optimized for the low insertion loss and reflection in the
design of the 2.6-cell cavity.

Figure 1: A 3D drawing of the 3-cell cavity designed for
high-power and high-gradient experiments.
Table 1: The Properties of the 3-Cell Cryogenic C-band πmode Accelerating Cavity at 20 K
Operating frequency
5712
Unloaded quality factor
77853
Accelerating cell length
78.73
Coupling coefficient
10
Surface resistance
3.645×10-3
Max. electric field on surface
*103
Power loss in cavity
*0.331
Max. current density on surface
*118
Max. power loss per unit area
*2.56
Shunt impedance
680
Transit time factor
0.731
Accelerating gradient
*39.0
*at an input RF power of 1 MW

MHz
mm

MV/m
MW
kA/m
kW/cm2
M/m
MV/m

The RF properties of the 3-cell cavity resulted from the
design simulation is listed in Table 1. For high purity copper with RRR=3000 assumed as a cavity material, the surface resistance of 3.645×10-3  at 5712 MHz was deduced
from the theory of the anomalous skin effect [8]. The unloaded quality factor obtained from the simulation has been
77853, which is approximately 7 % higher than the experimental value in the previous 2.6-cell cavity. The coupling
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STATUS OF THE CLEAR ELECTRON BEAM USER FACILITY AT CERN
K. N. Sjobak∗1 , E. Adli, C. A. Lindstrom2 , University of Oslo, Oslo, Norway
M. Bergamaschi, S. Burger, R. Corsini, A. Curcio, S. Curt, S. Doebert, W. Farabolini, D. Gamba,
L. Garolﬁ, A. Gilardi, I. Gorgisyan, E. Granados, H. Guerin, R. Kieﬀer, M. Krupa, T. Lefevre,
S. Mazzoni, G. McMonagle, H. Panuganti, S. Pitman, V. Rude, A. Schlogelhofer,
P. K. Skowronski, M. Wendt, A. Zemanek, CERN, Geneva, Switzerland
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Abstract

Table 1: Typical Range of Beam Parameters

The CERN Linear Electron Accelerator for Research
(CLEAR) has now ﬁnished its second year of operation,
providing a testbed for new accelerator technologies and a
versatile radiation source. Hosting a varied experimental
program, this beamline provides a ﬂexible test facility for
users both internal and external to CERN, as well as being
an excellent accelerator physics training ground. The energy can be varied between 60 and 220 MeV, bunch length
between 1 and 4 ps, bunch charge in the range 10 pC to
2 nC, and number of bunches in the range 1 to 200, at a
repetition rate of 0.8 to 10 Hz. The status of the facility with
an overview of the recent experimental results is presented.

INTRODUCTION
The CLEAR facility was built from the probe beam injector CALIFES at CTF3, reusing and upgrading the accelerator
part and installing several new experiments [1–3]. The current beamline layout is illustrated in Fig. 1, and a MAD-X
model is available [4].
The main purpose of CLEAR is to provide a test-bed for
new accelerator technologies including beam instrumentation, plasma devices, X-band accelerating structures, and
more. Also hosted is a varied program of irradiation with
electron beams, including tests for high-energy electron radiotherapy techniques and validation of electronic components for space applications. This is achieved by having a
ﬂexible, easily accessible and modiﬁable beam-line with a
wide span of available parameters. Typically, the tunnel is
accessible every Monday for experiment installation and/or
modiﬁcation, which makes the setup and modiﬁcation experiments very easy and convenient. In cases where more
frequent accesses have been needed (e.g. for irradiation),
this has also been possible. The radiation levels are generally low, which makes it possible to use a wide range of
equipment. Additionally, due to the relative simplicity and
ﬂexibility of the machine, it has also been used to provide
training for students through programs such as JUAS [5].
As seen from the layout, the CLEAR machine is well
equipped with diagnostics [6] for measuring and optimizing
the beam parameters such as bunch charge and train length,
∗
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Parameter

Value

Beam energy
Bunch charge
Bunch length
Bunch frequency
RF frequency
Number of bunches
Beam repetition rate
RMS energy spread
RMS  N at QFD350 entrance
Typ. β at QFD350 entrance
Typ. α at QFD350 entrance

60 MeV – 220 MeV
10 pC – 2.0 nC
1 ps – 4 ps
1.5 GHz
3.0 GHz
1 – 200
1/(1.2 s) – 10 Hz
< 0.2 %
1 μm–20 μm
5 – 15 m
-1 to +1

bunch length, energy- and energy-spread, and Twiss parameters, as well as combinations thereof. This makes it possible
to quickly setup a wide variety of beams for the hosted experiments, and to cross-compare diﬀerent diagnostics including
prototype beam instrumentation.
CLEAR typically runs during normal work days, for 9
hours or more each day, depending on the experiment being
ran and operator availability. In 2018, there was a total of
32 weeks of operation, split over two runs with a shutdown
in the summer to prepare for connection of the CLIC Xband accelerating structures to an X-band klystron and for
general maintenance of the facility. Unlike the rest of the
CERN accelerator complex, CLEAR will be kept running
throughout Long Shutdown 2.

OPERATION AND PERFORMANCE
CLEAR can provide a wide range of beams; the typical beam parameters are listed in Table 1. This refers to a
beam produced using the photocathode laser, which is the
normally used arrangement. Here the number of bunches,
the bunch charge, and the train repetition rate is controlled
via the laser parameters [7, 8]. Single laser pulses can be
picked through a system of fast Pockels cells. Recently, the
control and repeatability of the laser system has been signiﬁcantly improved, by changing the actuators controlling
the mirror from picomotors to stepping motors. Furthermore, an adjustable telescope has been added which allows
to change the focus of the laser on the photocathode, and
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OPTIMIZATION OF SC CAVITY TYPE FOR CSNS LINAC
UPGRADE*
Y. Wang†, H. C. Liu, A.H. Li, B. Li, M. X. Fan, P. H. Qu, X. L. Wu, Q. Cheng
Dongguan Institute of Neutron Science, Dongguan, China
also at University of Chinese Academy of Sciences, Beijing, China
J.P. Dai, P. Sha, Z. W. Deng, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing, China
Abstract
In order to increase CSNS beam power from 100kW to
500kW, the Linac injection energy need to be increased
from 80.1MeV to 300MeV. The combined layout of superconducting spoke cavities and elliptical cavities will be
adopted to accelerate H- beam to 300MeV. Two operation
frequency of spoke cavities were compared with single and
double spoke structure, a compact 648MHz βg=0.4 single
spoke cavity was proposed, and the RF performance was
presented, as well as the MP behavior.

INTRODUCTION
The CSNS (China Spallation Neutron Source) is an inter-discipline complex of producing scattering neutron for
scientific research and applications by national institutions,
universities, and industries. It consists of three main parts,
a 80MeV Linac injector, a 1.6GeV RCS (Rapid Cycling
Synchrotron) and a target station, as showed in Figure 1[1].
Beam was successfully accelerated to 1.6GeV by RCS
in 2017.7, and first 10kW beam power achieved at target
station in 2017.11. The facility passed through the validation of government in 2018.8. The main parameters are
listed in Table 1.

Table 1: Primary Parameters of the CSNS
Parameters

CSNS-I

CSNS-Ⅱ

Beam power (kW)

100

500

Repetition rate (Hz)
Average current
(mA)
Proton energy
(GeV)

25

25

62.5

312.5

1.6

1.6

80.1

300

Linac energy (MeV)

SC CAVITY OR NORMAL CONDUCT
CAVITY
CSNS has two stages plan for the beam power upgrading.
In phase I, 100kW beam power is delivered to the target,
and in phase Ⅱ, the power will be upgraded to 500kW by
increasing injector beam energy from 80.1MeV to 300MeV.
The Linac part is composed of a penning H- source, a RFQ
(Radio Frequency Quadrupole) accelerator and a DTL (Alvarez type Drift Tube Linac). The CSNS Linac parameters
are showed in Table 2.

Table 2: CSNS Linac Parameters
Parameters

Value

DTL output energy(MeV)

80.1

Peak beam current
(Phase Ⅰ) (mA)
Peak beam current
(Phase Ⅱ) (mA)

Figure 1: Schematic layout of the CSNS.

___________________________________________

* Work supported by National Nature Science Foundation of China (Project No. U1832210) and Youth Innovation Promotion Association of CAS
(2015011)
† email address:wangyun@ihep.ac.cn

MC4: Hadron Accelerators
A08 Linear Accelerators

15
40

Upgrading space (m)

~85

Normal conducting linac Operation frequency

324MHz

The operation frequency and cavity type need to be considered comprehensively during cavity design. The superconducting cavity are known of multiple advantages of
large accelerating gradient, large beam acceptance, negligible ohmic loss compared with normal conduct cavity,
short Linac length, etc. After trade-off between the normal
conduct cavity and the superconducting one, the combined
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SSPA UPGRADE PLAN DESIGN FOR CiADS ∗
Q. Chen1 , Y. He† , X. Wang, G. Huang, Z. Gao, Z. Wang, S. Liu, T. Jiang, L. Sun, W. Yue, R. Huang
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China
1 also at University of Chinese Academy of Sciences,
School of Nuclear Science and Technology, Beijing, China
Abstract

Whether research or commercial ADS facilities require a
signiﬁcant amount of RF power to drive several megawatts
of proton beam power, an appropriate RF power upgrade
plan can reduce budgets at each stage of the upgrade process and add valuable engineering experience. For stability
and maintainability considerations, CiADS (China Active
Accelerator Drive System) is designed with SSPA (Solid
State Power Ampliﬁer) as the RF power source for future
ﬂexible conﬁguration and upgrade. From an engineering
point of view, if a suitable matching beam current is selected,
a ﬁxed-coupling input coupler is used, which sacriﬁces up to
10% of the RF power in the upgrade plan, which is acceptable for a 5 MW goal. The SSPA upgrade plan calculation
begins with determination of matching beam current, then
with the stability requirements to determine the bandwidth,
then combines the other RF power requirements to select the
output level, and ﬁnally checks how much of the remaining
level of SSPA is available for detuning control. Calculations
and evaluations of a 545 MeV physical design lattice show
that some resonators have very limited residual RF power
for detuning control, which provides the necessary optimization direction and guidance for physical design and SSPA
placement.

INTRODUCTION
In high-energy particle accelerators, over 100 meters or
even kilometers linear or storage ring structure are more and
more widely used to acquire several hundred MeV to GeV of
high-energy particle beams for nuclear physics experiments,
for instance LHC in CERN [1]. The ADS (Accelerator
Driven System) project is also one of the most typical examples. Currently, included CiADS (China initiative Accelerator Drive System) [2], there have several ADS experimental
facility projects [3] planned or under construction around
the world.
Most established facilities employed klystron or IOT (inductive output tubes) as their RF power source for high pulse
or CW power (MW level) applications for light source or
collider [4–6]. Comparing with klystron, Solid-State Power
Ampliﬁer (SSPA) has advantages of scalable, reliable, maintainable and easy to control, especially for aspect of maintaining and recovering time. Long RF failures for ESRF
(European Synchrotron Radiation Facility) were klystrons,
and in the worst case, it required about 8 hours to be re∗
†
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placed [7]. According to the experience of CiADS 25 MeV
demo facility, for long recovering time and complex maintaining opererating considerations, one 200 kW electron tube
type RF power source replaced with two 80 kW combined
160 kW SSPA as RFQ RF power source. Taking into account
the upgrade complexity and decreasing initial budget, SSPA
is proposed as RF power source for CiADS.
With the requirement of beam power multiplication plan
from 1 mA to 10 mA, CiADS performs upgrade SSPA plan
for 5 MW goal. Whether it is acceptable while only upgrade
SSPA capacity under the ﬁxed-coupling of input coupler
for decreasing the complexity work of changing coupling
factor, the answer is positive for following analysis. Based
on that, it is necessary to determine the matching beam
current during the upgrade process at ﬁrst, then to calculate
the bandwidth and the input coupler coupling factor value
under that condition. To calculate the RF power requirement
for each upgrade phase to arrange the SSPA capacity and
design the upgrading plan.

METHOD
The RF power converted to beam power through a long
travel and may loss some at somewhere. Firstly, with an
analysis of upgrade process, the RF power requirements may
come from several parts as shown in Fig. 1:



Figure 1: RF power ﬂow.
Among those RF power which can not convert to beam
power, the transmission loss and the error introduced RF
power requirement must be satisﬁed undisputed. In the upgrade process, the combining loss among racks and the reﬂected power requirement should be considered carefully
while under operating at mismatching beam current.

Basic Requirements and Parameters
From the calculation and simulation by physical design,
cavity design, LLRF design and coupler design, together
with the basic assumptions based on some thumb rules are
shown in Table1.
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THE STATUS OF CiADS SUPERCONDUCTING LINAC *
Z. J. Wang†, F. F. Wang, G. R. Huang, Y. Q. Wan, W. M. Yue, S. H. Liu, T. Tan, Y. He
Institute of Modern Physics, Chinese Academy of Science, Lanzhou, China
Abstract
CiADS (China initiative Accelerator Driven System) approved by Chinese government at 2016 aims to build the
first ADS experimental facility to demonstrate the nuclear
waste transmutation. The CiADS driving linac can accelerate 5 mA proton beam to 500 MeV at the beam power up
to 2.5 MW with the state-of-the-art accelerator technologies. The challenging programs include beam loss controloriented physics design, high performance CW operated
superconducting cavities, SRF cryomodules, and highly efficient RF amplifier system. As the driving linac of the
ADS system, the RAMI characters will serve as the design
philosophy to guide the physics design and the choice of
technical routes. The physics design and key technologies
of the high-power machine are descried in the paper.

INTRODUCTION
Driven by the national demand for the safe disposal of
nuclear waste and the potential for breeding nuclear fuel to
generate advanced energy, Chinese ADS (C-ADS) was
proposed years ago as one of the solutions for a cleaner
nuclear fission power source [1]. The roadmap of the Chinese ADS program with four phases is shown in the Fig. 1.
The R&D program of key technologies including SC linac
[2], target and blanket was implemented successfully in the
past year.

proton beam to either a bending A2T section or a straight
beam dump, which is capable of handling one tenth of total
beam power. The space is reserved in HEBT to house another 10 cryomodules to readily increase the energy to
1 GeV.

Figure 2: The layout of the CiADS driven linac.
The preliminary TDR parameters of CiADS linac are
specified in Table 1.
Table 1: TDR Parameters of CiADS Linac
Parameter
Beam energy
Beam current
Operation mode
Beam stability
Beam reliability

Description
500 MeV(upgrade to 1GeV)
5 mA(upgrade to 10mA)
CW and pulse
±1%@100ms for energy
±2%@100ms for intensity
±1mm@100ms for centroid
＞80%@3 months

DESIGN PHILOSOPHY OF THE LINAC
Unlike the traditional accelerator based experimental facility, CiADS driving linac has very strict requirement for
operation availability from the downstream target and reactor system. The specification of beam trip on the reactor
is defined in the time scale of second, which is the most
challenging issue for the linac. The overall design is followed by RAMI-oriented principle.

Reliability

Figure 1: The roadmap of Chinese ADS program.
CiADS (China initiative Accelerator Driven System) as
the second step was lunched at 2018. The CiADS driven
linac is designed to accelerate 5 mA proton beam to
500 MeV in CW mode. As shown in Fig. 2, the linac
mainly consists a normal conducting Front-end section, a
tection, a Radiofrequency Quadrupole (RFQ) linac, and a
Medium Energy Beam Transport (MEBT). The SC section
accelerates proton from 2.1 MeV and 500 MeV and includes three families of SC cavities with different frequencies and structures: HWR010&019, SPOKE042, Ellipse062&082. The HEBT is designed to deliver 2.5 MW
___________________________________________
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The reliability of hardware is the foundation of the whole
accelerator system. To increase the reliability of hardware,
standardization and redundancy are the basic consideration. For the key elements, such as superconducting cavities and magnets, are designed to be operated at 80% of the
target value, which also benefits the fault-compensation
scheme. The standardization is applied to the design of RF
amplifier and magnet power supply systems. The solidstate amplifier and modular power supply integrated with
standard unit will be used in the CiADS linac.

Availability
The availability of the driven linac is a high-level systematic problem. Except for the spares and design redundancies of the hardware, a fast beam recovery in one second with compensation scheme is an effective way to improve the beam availability. In this scheme, the artificial
intelligence technology under development has the potential to realize the beam recovery. Also, a Machine ProtecMC4: Hadron Accelerators
A08 Linear Accelerators

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPTS060

SESRI 300 MeV PROTON AND HEAVY ION ACCELERATOR

H. P. Jiang∗, J. L. Liu, H. F. Hao, J. Zhang, Q. M. Chen, W. Chen, Z. N. Han, T. Zhang
Space Environment Simulation and Research Infrastructure
Harbin Institute of Technology, Harbin 150001, China
Abstract
The SESRI (Space Environment Simulation and Research
Infrastructure) is the new national research infrastructure
under construction at Harbin Institute of Technology (HIT)
in China. This infrastructure is speciically built to simulate the space environment on the ground. The SESRI has
kinds of accelerators, and the 300 MeV proton and heavy ion
accelerator is a major radiation source, which will supply
100-300 MeV protons and 7-85 MeV/u heavy ions for studying the interaction of high energy space particle radiation
with material, device, module and biological entity. To meet
above requirements, the facility adopts the combination of
room temperature ECR (Electron Cyclotron Resonance) ion
source, linac injector and synchrotron. The ion source is required to provide all stable nuclide beams from H+2 to Bi. The
linac injector supplies 1 MeV/u heavy ion beams and 5 MeV
proton beam by using RFQ (Radio Frequency Quadrupole)
and IH-DTL (Interdigital H-mode type Drift Tube Linac)
linac structures. The synchrotron accelerates heavy ions up
to 85 MeV/u and proton beam 300 MeV. And the 3rd integer
resonance and RF-KO (RF-Knock-Out) method are adopted
for slow extraction. The status of 300 MeV proton and heavy
ion accelerator design and construction works are briely
described below.

INTRODUCTION
The new infrastructure SESRI aims at the simulation of
space environment on the ground. In order to simulate accurately, there are kinds of accelerators, including electron
accelerator, dust accelerator, tandem accelerator, proton and
heavy ion accelerator to supply diferent kinds and diferent energy particles. The 300 MeV proton and heavy ion
accelerator is a major radiation source, which will supply
100-300 MeV protons and 7-85 MeV/u heavy ions for studying the interaction of high energy space particle radiation
with material, device, module and biological entity.
To meet above requirements, the facility adopts the combination of room temperature ion source, linac injector and
synchrotron. The ion source is required to provide all stable nuclide beams from H+2 to Bi, by using the ECR ion
source [1]. The linac injector supplies 1 MeV/u heavy ion
beams and 5MeV proton beam by using RFQ and IH-DTL
linac structures [2]. The synchrotron accelerates heavy ions
up to 85 MeV/u and proton beam 300 MeV. And the 3rd integer resonance and RF-KO method are adopted for slow
extraction [3].
There are two terminals, one mainly for studying the interaction of the high space particle radiation with device,
∗
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another one for studying the interaction of the high space
particle radiation with life, by using the extracted heavy ion
and proton beams. There are also a spare space for upgrades
to study of the high energy ion micro-beam [4]. Main parameters of 300 MeV proton and heavy ion accelerator at
the terminals are shown in Table 1. General scheme of the
facility is presented in Fig. 1.
Table 1: Main Parameters of the Facility
Ions

Energy(MeV)

p

300
80
15
7

4 He2+

84 Kr18+

209 Bi32+

Intensity(ppp)
1 × 109
1 × 107
1 × 107
1 × 106

Figure 1: General scheme of the facility.
The details of 300 MeV proton and heavy ion accelerator
design and construction works are briely presented below.

LINAC INJECTOR
The linac injector is used to supply 1 MeV/u heavy ion
beams and 5 MeV proton beam, which will be injected to
synchrotron. In order to accumulate the design number of
ions in synchrotron, the intensity of output 209 Bi32+ beam
of the linac should be greater than 25 μA, proton beam
200 μA. The linac injector is composed of ECR ion source,
Low Energy Beam Transport line (LEBT), four-rode type
RFQ, Medium Energy Beam Transport line (MEBT), IHDTL, High Energy Beam Transport line (HEBT) and the
corresponding RF power source system. The layout of linac
injector is presented in next page Fig. 2.

ECR Ion Source and LEBT

In order to provide all stable nuclide beams from H+2 to Bi,
One 2 kW 18 GHz microwave-driven ECR ion source is being manufactured [5]. It’s extraction voltage is 30 kV. There
are some beam measurement instruments, including Faraday cups, emittance measurements and luorescent screens.
There is also a spare space to upgrade another ion source for
saving the time of changing ions and improving the eiciency
MC4: Hadron Accelerators
A04 Circular Accelerators
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DESIGN AND LOW POWER TEST OF A PROTOTYPE HOM LINAC
Ling Lu1,2,†, Chaochao Xing2, Tao He2, Lei Yang2, Xianbo Xu1, Jia Li2, Qianxu Xia2,Zhichao Gao3
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Abstract
Normally, drift tube linacs (DTLs) are used following
RFQ linacs for beam acceleration in middle and high
energy region. The acceleration efficiency of DTLs is
decreasing with beam energy increasing. Using resonated
higher order mode (HOM) of cavity, DTLs can achieve a
higher effective shunt impedance. We proposed a 325 MHz
DTL with TE115 mode and finished the 1st HOM-DTL
assembly. In this paper, the designs and results of low
power test of the 1st HOM-DTL will be reported.

proposed IH type HOM-DTL is designed as a prototype
buncher and its structure is shown in Fig. 3.

INTRODUCTION

This is a preprint — the final version is published with IOP

As shown in Fig. 1 [1], in the low energy region, the
interdigital H-mode (IH) type DTLs have a higher shunt
impedance and suitable accelerating structure for heavy ion
acceleration, thus the DTLs operated in TE111 mode are
commonly used following the RFQ type linac [2-3].
However, in the medium and high energy region, the
Alvarez type DTLs operated in TM010 mode are commonly
used although its shunt impedance reduces rapidly [4], as
shown in Fig. 2, because its shunt impedance is higher than
the IH-DTLs in those energy regions.

Figure 2: The shunt impedance changing of the Alvarez
type DTLs in medium and high energy region.

Figure 3: The inner structure of proposed HOM-DTL.

ELECTROMAGNETIC DESIGN

Figure 1: The shunt impedance of the low beta linacs.
Since the IH DTLs operated in TE11n mode of the
higher order mode have a property which is suitable to
accelerate ions in medium and high energy region [5]. We
proposed a 325 MHz DTL operated in TE115 mode. Our
___________________________________________
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The frequency of proposed HOM-DTL is 325 MHz
which is 4th harmonic of the frequency of 81.25 MHz. This
HOM-DTL is a prototype research for future heavy ion
buncher. The estimated peak voltage is rather high as
several mega-voltages. The Microwave Studio (MWS)
code and ANSYS code are used to
c a l c u l a t e t h e c a v i t y electromagnetic simulation
.and mechanical simulation [6-7]
As shown in Fig. 3, the HOM-DTL has normal DTs
and ridges that is same to the normal type IH-DTLs with
TE111 mode and Alvarez type DTLs with TM010 mode,
however, the resonated frequency of cavity can be tuned to
TE115 mode by configuring directions of the stems. As
shown in Fig. 4, the biggest feature of the HOM-DTL is
MOPTS063
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ALTERNATIVE DESIGN OF CEPC LINAC*
C. Meng†, J. Gao, X. P. Li, G. X. Pei, J. R. Zhang
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, 100049, Beijing, China
Abstract
Circular Electron-Positron Collider (CEPC) is a 100 km
ring e+ e- collider for a Higgs factory. The injector is composed of a Linac and a Booster. The baseline design of
CEPC Linac is a normal conducting S-band linear accelerator with frequency in 2860 MHz, which can provide electron and positron beam at an energy up to 10 GeV and
bunch charge up to 3 nC. To reduce the design difficulty of
booster and booster magnet, an alternative design of the
Linac with C-band accelerating structure at high energy
part is proposed and the energy is up to 20 GeV. In this
paper, the physics design of this scheme is presented.

INTRODUCTION
In September 2012, Chinese scientists proposed a Circular Electron Positron Collider (CEPC) in China at 240 GeV
centre of mass for Higgs studies [1]. It could later be used
to host a Super Proton Proton Collider (SppC) in the future
as a machine for new physics and discovery. After that a
great effort have been made in physics design [2].
The injector of CEPC is composed of a Linac and a full
energy booster. The first part of the injector is a normal
conducting S-band Linac with frequency in 2860 MHz and
provide electron and positron beams at an energy up to 10
GeV [3, 4]. The main parameters of the CEPC linac are
shown in Table 1 and layout is shown in Fig.1. The Linac
is composed of electron source and bunching system
(ESBS), the first accelerating section (FAS) where electron
beam is accelerated to 4 GeV, positron source and pre-accelerating section (PSPAS) where positron beam is produced and accelerated to more than 200 MeV, the second
accelerating section (SAS) where positron beam is accelerated to 4 GeV, the third accelerating section (TAS) where
electron beam and positron beam are accelerated to 10
GeV, the electron bypass transport line (EBTL) where the
electron beam is bypass the PSPAS and SAS section and
one damping ring (DR) to reduce the emittance of positron
beam. The electron Linac consists of ESBS, FAS, EBTL

and TAS. The positron Linac consists of ESBS, FAS,
PSPAS, SAS, DR and TAS. The horizontal distance between EBTL and SAS is 2.0 m. The Linac should be have
potential to meet higher requirements and upgrade in the
future, the designed bunch charge is larger than 3 nC both
for electron and positron beam. Based on this consideration, the energy of electron beam for positron production is
chosen as 4 GeV and the positron yield of positron source
with some cut-off condition is 0.55 [5].
Table 1: Main Parameters of CEPC Linac
Parameter
-

+

e /e beam energy
Repetition rate
-

+

e /e bunch population

Unit

Value

GeV

10

Hz

100

nC

Energy spread (e-/e+)
Emittance (e-/e+)

>1.5
<2×10-3

nm

<120

The CEPC booster [6] provides 120 GeV electron and
positron beams to the CEPC collider and is in the same tunnel as the collider, which of circumference is 100 km. The
electron beam is ramped from 10 GeV to 120 GeV in the
booster. The magnetic field of dipole magnet is about 30
Gs at injection energy. It’s very challenging for magnet design and operation, on the other hand, the operating mode
of magnet power supply is ramping and dynamic, so it’s a
very critical issue. In order to reduce the design difficulty,
increasing the energy of the Linac is a good way.
Based on this idea, an alternative 20-GeV Linac scheme
is proposed. High gradient accelerating structure is needed
for high energy linac to reduce the length and cost. Considering the bunch charge is not very high and the emittance
is small, the C-band accelerating structure is introduced to
the alternative design. The C-band accelerating structure is
used to replace S-band accelerating structure in the TAS
and the energy of the Linac is increased to 20 GeV. The
alternative design is presented and discussed in this paper.

Figure 1: The layout of the CEPC Linac.
___________________________________________
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THE PROGRESS IN PHYSICS DESIGN OF HEPS LINAC *
C. Meng†, D. Y. He, X. He, J. Y. Li, Y. M. Peng, S. C. Wang, O. Z. Xiao, J. R. Zhang, S. P. Zhang
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, 100049, Beijing, China

Abstract

The High Energy Photon Source (HEPS) is a 6-GeV, ultralow-emittance light source to be built in China. The injector is composed of a 500-MeV Linac and a full energy
booster. According to the study and commissioning consideration of on-axis swap-out injection system, a high bunch
charge injector is desirable and a Linac that can provide
7nC per bunch electron beam to booster is needed. This paper present different bunching system schemes and the performance of different schemes are discussed.

INTRODUCTION

The High Energy Photon Source (HEPS) is a 6-GeV, ultralow-emittance storage ring light source to be built in
China. The HEPS is composed of a 500-MeV Linac [1], a
full energy booster [2] with 1 Hz repetition frequency, a 6GeV storage ring [3] and three transport lines [4-6]. With
the deepening of study and changes in requirements of the
booster, the Linac has been iterated for several times [7].
The baseline design is a 500-MeV S-band normal conducting linear accelerator [1], which is composed of an electron
gun, a bunching system and a main Linac. The electron gun
can provide 4-nC per pulse 1.6-ns total length electron
beam. The bunching system consists of a pre-buncher (PB),
a buncher (B) and an accelerating structure with microwave frequency in 2998.8 MHz, which are driven by one
klystron. The focusing element in bunching system is solenoid. The main linac consists of 8 accelerating structures,
5 triplets and 2 energy spread measurement systems. One
klystron drives 2 accelerating structures. The Linac works
in single-pulse mode with a repetition rate up to 50 Hz. The
main parameters are shown in Table 1 and the layout is
shown in Fig.1.
With the deepening study of on-axis swap-out injection
[8, 9], higher bunch charge provided by the injector is desirable. On the other hand, considering the commissioning
of the storage ring, if the injector can provide 5 nC electron
beam per bunch, one can commission the storage ring effectively even without swap-out injection system at the
first stage. So the required bunch charge at the Linac exit

should be larger than 7 nC. With the injection simulation
of the booster, the bunch number per pulse is best not exceed three. According to the requirements, one should redesign the Linac, especially the bunching system. So four
schemes of bunching system are presented and discussed:
 Scheme I is the baseline design.
 Scheme II is adding a 166.6-MHz subharmonic cavity.
 Scheme III is adding a 499.8-MHz subharmonic cavity.
 Scheme IV is replacing the pre-buncher with a 499.8MHz subharmonic cavity and a 166.6- MHz subharmonic cavity.
Table 1: Main Parameters of the Linac

Parameter
Frequency
Max Repetition Rate
Energy at the Linac exit
Bunch charge
Normalized emittance
Energy spread
Bunch number per pulse

Unit
MHz
Hz
MeV
nC
mm∙mrad
%

Value
2998.8
50
500
≥2.5
40
0.5
3~5

PHYSICS ISSUES
Electron Gun
According to the new requirements of bunch charge, assuming the transmission efficiency of total Linac is about
70%, the electron gun should have the ability to provide 10
nC electron beam. With the high current operation experience of BEPCII electron gun, the total bunch pulse length
is 1.6 ns and the full width at half maximum (FWHM) is
1.0 ns. The RF frequency of accelerating structure is
2998.8 MHz and the RF cycle is 333.5 ps. So the bunch
pulse from electron gun is corresponding to 5 RF cycles.
To obtain fewer bunch number the pulse length should be
shorten.

Figure 1: The layout of the Linac.
___________________________________________
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BEAM COMMISSIONING EXPERIENCE OF CSNS/RCS*
S. Y. Xug*, L. S. Huang, M. Y. Huang, M. T. Li, J. L. Chen, J. Peng, X. H. Lu, X. B. Luo, Y. W. An,
Y. Li, Y. Yuan, Z. P. Li, Y. Zhao, S. Wang,
CSNS/IHEP, CAS, Dongguan, 523803, P.R. China

Abstract

The China Spallation Neutron Source (CSNS) is an accelerator-based science facility. CSNS is designed to accelerate proton beam pulses to 1.6 GeV kinetic energy, striking a solid metal target to produce spallation neutrons.
CSNS has two major accelerator systems, a linear accelerator (80 MeV Linac) and a 1.6 GeV rapid cycling synchrotron (RCS). The Beam commissioning of CSNS/RCS has
been commissioned recently. Beam had been accelerated
to 1.6 GeV at CSNS/RCS on January 18, 2018 with the
injection energy of 80 MeV. The machine parameters are
measured and optimized. The beam power is increased step
by step. The beam power achieved 50kW in January, 2019.
In this paper, the commissioning experiences are introduced.

INTRODUCTION

The Chinese Spallation Neutron Source (CSNS) is an accelerator-based science facility. CSNS is designed to accelerate proton beam pulses to 1.6 GeV kinetic energy, striking a solid metal target to produce spallation neutrons.
CSNS has two major accelerator systems, a linear accelerator (80 MeV Linac) and a rapid cycling synchrotron
(RCS). The function of the RCS accelerator is to accumulate and accelerate protons from the energy of 80 MeV to
the design energy of 1.6 GeV at a repetition rate of 25 Hz
[1, 2]. The Beam commissioning of CSNS/RCS has been
commissioned recently. Beam had been accelerated to 1.6
GeV at CSNS/RCS on July 7, 2017 with the injection energy of 61 MeV, and 1.6 GeV acceleration was successfully
accomplished on January 18, 2018 with the injection energy of 80 MeV. The beam power achieved 25 kW in
March, 2018, and beam power achieved 50 kW in January,
2019.

BEAM COMMISSIONING AT DC MODE

For a start, the beam commissioning of CSNS/RCS was
started at DC mode without acceleration. CSNS/RCS operates as a storage ring at DC mode.
The lattice design of CSNS/RCS is based on hard edge
model of quadrupoles. Because of the large aperture of
quadrupoles, fringe field effect is an important issue. The
effects of fringe field and interference of quadrupoles [3,4]
at CSNS/RCS was considered in the calculation of OnlineModel. The slicing model was adopted to analyze the
fringe field effects of quadrupoles in CSNS/RCS [5].

g

Figure 1: The measured tune of CSNS/RCS at DC mode.
The quadrupole factors were applied to CSNS/RCS,
and the closed orbit was corrected and the beta functions
were analyzed at DC mode. The comparison of the COD
before and after COD correction at DC mode is shown in
Fig. 3. The COD at DC mode was minimized form ±10 mm
to ±3 mm by COD correction. Betatron functions were
measured by using the Closed Orbit Distortion (COD) formula:
ඥఉ ఉ(௦)

____________________________________________

*

After the match of B field, RF frequency of CSNS/RCS
and the injection energy was performed, and the optimization of injection painting timing, the beam transmission
achieved 100% at DC mode.
The tunes were measured by using Beam Position Monitor (BPM) located in CSNS/RCS. By performing Fast
Fourier Transform (FFT) to Turn-By-Turn (TBT) data of
BPM, the tunes were obtained. As shown in Fig. 1, the
measured tunes were 4.855/4.783 at DC mode, which were
very close to the nominal value of 4.860/4.780 based on
slicing model.
The fudge factors of the quadrupoles were analysed
based on both hard edge model and slicing model. The
fudge factors were analysed by using the LOCO (Linear
Optics from Closed Orbit). LOCO technique is a powerful
tool to tune linear optics in the ring. As shown in Fig. 2, the
analysed fudge factors based on slicing model were less
than 1%, while the analysed fudge factors based on hard
edge model were up to 4%.

Supported by the national science foundation of China 11875106
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 ߠ = )ݏ(ݑబ
ܿ ߥߨ(ݏെ |߰( )ݏെ ߰(ݏ )|)
(1)
ଶ ௦ గఔ
where  )ݏ(ݑis the closed orbit, ߠ is the closed orbit error
which is generated by the corrector, ߥ is the betatron tune,
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RF DESIGN OF AN 81.25 MHz BENT-VANE TYPE RFQ*
Lei Yang † 1, Liang Lu, Zhouli Zhang, ChaoChao Xing1, Tao He1, Chenxing Li, Yuan He
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
1
also at University of Chinese Academy of Sciences, Beijing 100049, China
Abstract
The bent-vane type RFQ is proposed at IMP, Chinese
Academy of Sciences, which can downsize cross section
and has the simple cooling system in low frequency field.
The vanes of the four-vane type RFQ are bent to form the
new RFQ structure. In order to research its RF properties,
the prototype cavity of an 81.25 MHZ bent-vane type
RFQ is designed. This paper presents the preliminary RF
design of the prototype cavity.

This equation indicates that the lateral dimension can be
decreased by increasing the capacitance at a fixed frequency.
Based on the discussion above, the vanes of four-vane
RFQ are bent to increase the capacitance for reducing the
lateral dimension of cavity. Hence, a new RFQ structure
is proposed called bent-vane type RFQ, shown in Fig. 3.

INTRODUCTION
Radio frequency quadrupole (RFQ) can accelerate, focus and bunch particle beam in the low energy field,
which is generally used as an injector for high energy
accelerator. Four-rod type and four-vane type are main
RFQ accelerator structures. Four-rod RFQ is used in the
low frequency field and four-vane RFQ is applied in the
high frequency field [1]. However, the cooling structure
of four-rod RFQ is quite complex so that it is difficult to
design and machine cavity and the lateral dimension of
four-vane RFQ is large in the low frequency band which
increases machining difficulty and cost [2]. In addition,
four vane with windows RFQ can decrease the crosssection length in the low frequency band, but its cooling
structure is extremely complicated and the windows can
directly influence mechanical strength of the cavity and
electric field flatness.
In order to overcome the disadvantages of above three
kinds of RFQ accelerators, a new RFQ structure is proposed called bent-vane type RFQ at Institute of Modern
Physics (IMP), Chinese Academy of Sciences. It significantly reduces the lateral dimension of the cavity in the
low frequency field and has a water-cooled system with a
simple structure and sufficient cooling efficiency.
This paper presents the preliminary RF design of the
prototype cavity for an 81.25 MHz bent-vane type RFQ.

Figure 1: The ideal four-vane RFQ with a cloverleaf geometry.

THEORETICAL FOUNDATION
Considering an ideal four-vane RFQ with a cloverleaf
geometry (Fig. 1), its equivalent circuit is shown in Fig. 2
[1]. According to the equivalent circuit, the cavity quadrant radius is

𝑟 =

16
𝜇 (4 + 3𝜋)𝜔 𝐶

where 0 is the resonant frequency, C is the total capacitance per unit length and 0 is the permeability constant.

Figure 2: The equivalent circuit of the ideal four-vane
RFQ with a cloverleaf geometry.

___________________________________________
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BUNCHING SYSTEM OPTIMIZATION BASED ON MOGA∗
S. P. Zhang1 , C. Meng† , J. Y. Li, Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
1
also at University of Chinese Academy of Sciences, Beijing, China

Abstract

Table 1: Main Parameters of the Linac

Multiobjective Genetic Algorithms (MOGA) is effective
in dealing with optimization problems with multiple objectives. The bunching system of the High Energy Photon
Source (HEPS) linac adopts a traditional bunching system
for compressing electron beams with a pulse charge of 4
nC. The bunching system is optimized using MOGA. The
optimization include minimizing the normalized emittance
and maximizing transmission efficiency. The optimization
results have reached the design target, and are presented in
this paper.

INTRODUCTION

The preliminary design of the HEPS linac is finished [1].
The linac consists of an electron gun, a bunching system
and a main accelerating section. Table 1 lists some main
parameters of the linac [1, 2]. The linac adopts a traditional
bunching system, which is used to compress electron beams
with a pulse charge of 4 nC into a number of microbunches.
The beam is accelerated to about 54 MeV at the exit of
the bunching system. The HEPS booster needs the linac
provide beams with low emittance and high transmission
efficiency. The main linac adopts constant-gradient structure
with constant peak electric field in the center of the tubes.
From Liouville’s theorem, the normalized emittance remains
constant during acceleration [3]. In order to get a better beam
quility and high transmission efficiency, the bunching system
needs to be optimized.
There are multiple objectives need to be optimized. The
optimization includes minimizing normalized emittance and
maximizing transmission efficiency. Many parameters are
adjusted. Since the traditional optimization methods are
inefficient [4], modern optimization methods based on random number generation are needed. In this work, we use
Multiobjective Genetic Algorithms (MOGA) to optimize
parameters of bunching system. In fact, MOGA has been
successfully used for optimization in many fields of particle
accelerators [5–11].
This paper first describes the application of MOGA in
optimizing the bunching system, introduces the preliminary
results of thye optimization, and gives a brief summary.

MULTIOBJECTIVE GENETIC
ALGORITHMS

Figure. 1 shows the layout of the bunching system. The
system includes a prebuncher, a buncher, an accelerating
∗
†
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Parameter

Value

Microwave Frequency
Max Repetition Rate
Max. Beam energy at the Linac Exit
Max Pulse Charge at the Linac Exit
Bunch Number Per Pulse
RMS Energy Spread
Bunch Length
Width of Macro-Pulse (FWHM)
Normalized Emittance

2998.8 MHz
50 Hz
500 MeV
4 nC
5
0.5 %
5 ps
1.1 ns
40 mm·mrad

80
Vacuum Chamber
Prebuncher
Buncher
Focusing len and solenoid

60

Aperture (mm)
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Figure 1: Layout of the bunching system of the HEPS linac.
tube, 4 solenoid focusing lens, 22 solenoids. The position,
length, and aperture of each element of the bunching system
have been fixed. Only the strength of electromagnetic field
along the beam line is tuned in the optimization to obtain better beam quality. This is a multiple objectives and multiple
constrains optimization problem. Based on nondominated
sorting genetic algorithm II (NSGA-II) [4], MOGA is effective in solving such problems. NSGA-II imitated by the ideas
of natural evolution. The multiobjective optimization is realized by populations classification. Details of the MOGA
can found in Ref. [9, 11].
In this work, the beam dynamics simulation in the bunching system were optimised using MOGA and PAREMLA
[12]. A total of 31 decision variables are used. The parameters used in the optimization include the strengths of 22
solenoids and 4 solenoid focusing lens, the peak voltage of
prebuncher and buncher, the phase of prebuncher, buncher
and first accelerating tube. The parameters and their ranges
are listed in Table 2.
The best solution provided by MOGA with minimum
normalized emittance in both x and y directions and maximum transmission efficiency. There are four steps in the
optimization. First, random parent populations are created.
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DESIGN AND EXPERIMENT OF A WINDOW-TYPE CW DEUTERON
RFQ*
K. Zhu†, P. P. Gan, Q. Fu, H. P. Li, Q. Y. Tan, S. Liu, L. Tao, M. J. Easton, Z. Wang, Y. R. Lu
Peking University, Beijing, China
Y. He, Q. Wu, W. P. Dou, C. Wang, H.W. Zhao
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China
Abstract
A deuteron CW RFQ was designed and fabricated in
Peking University. It will accelerate 50 mA CW deuteron
beam from 50 keV to 1M eV at 162.5 MHz. The novel
structure of four-vane with magnetic coupling windows
was used to separate the dipole mode from the accelerating mode. The field tuning of this RFQ was different
from conventional four vane RFQ because that the four
quadrants of the RFQ cavity were coupled. The beam
dynamics of the RFQ was designed by equipartition and
matching method, limiting current effect was considered
at the same time. The voltage between electrodes is
60 kV, the transmission efficiency of RFQ is 98%. For
the copper cavity, the measured Q0 of the operating mode
is 96% of the simulated value. Only 47 hours was spent to
increase CW power of cavity from 0 to 55 kW in high
power test and The RFQ can operate stable at the design
voltage. The preliminary H2+ beam experiment has been
done and 1.78 mA CW beam was obtained at exit of
RFQ. This paper will introduce the design and experiment
of the RFQ.

BEAM DYNAMICS DESIGN
In the beam dynamics design, we controlled the limiting current from the gentle bunching section to the end of
the acceleration section, and adopted a matched and equipartitioned design method to reduce the radius of the
transverse envelope, suppress the increase of the emittance, and reduce the beam loss at high-energy section.
The detail of the beam dynamics design can be found in
our previous publication [7]. Figure 1 shows the main
parameters changing with RFQ cells after optimization.
Table 1 lists our final RFQ design parameters.

INTRODUCTION
High current CW RFQ accelerators are very useful in
fusion material study, nuclear waste transmutation, high
intensity neutron source, boron neutron capture therapy,
etc. Many international laboratory are developing the
technology of high current CW RFQ. A CW RFQ for
accelerating heavy ion was built for FRIB project [1];
deuteron CW RFQ accelerators were built for SARAF
and IFMIF/EVEDA project [2, 3]; a proton CW RFQ
accelerators was constructed for CADS project [4]. The
important problem of CW RFQ is deformation caused by
high power consumption and discharge of the cavity,
which can easily lead to unstable operation. In order to
accumulate experience and technology in design, fabrication and operation of high current CW RFQs, a deuteron
CW RFQ has been designed and fabricated in Peking
University which is supported by the 973 program funding. New structure, four-vane with coupling magnetic
windows, is used for the RFQ. This structure was used for
RFQ of heavy ions in America and Russia [5, 6]. Our
RFQ is the first high frequency window-type RFQ.

___________________________________________
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Figure 1: RFQ design parameters after optimization.
Table 1: Design Parameters of the RFQ
Parameter
Current [mA]
Input energy [keV]
Output energy [MeV]
Inter-vane Voltage [kV]
Synchronous phase [Deg.]
Kilpatrick coefficient
Modulation
Minimum aperture [mm]
Average aperture [mm]
Vane length [m]
Transmission [%]

Value
50
50
1.03
60
-90 ~ -34
1.67
1 ~ 1.86
2.63
3.88
1.81
98.2

COLD MODEL MEASUREMENT
The window-type RFQ RF structure design and the fabrication process can be found in Ref. [7]. In the beginning
of 2018, we have completed the cavity fabrication and
made low power RF test on the copper cavity. The measured RF characteristics of the RFQ cavity and the simulated ones are listed in Table 2. The operating frequency
of the RFQ without tuning is 0.233 MHz below the simulated value. The measured Q0 of the operating mode is
96% of the simulated value.
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1021

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPTS077

RCCS OPERATION AND CHARACTERISTICS IN RESONANCE FREQUENCY CONTROL MODE AT KOMAC
K.H. Kim †, H.S. Jeong, H.S. Kim, S.G. Kim, H.-J. Kwon, Y.G. Song, Korea Multi-purpose Accelerator Complex, Korea Atomic Energy Research Institute, Gyeongju-si, Republic of Korea
Abstract
A 100-MeV proton accelerator is under operation at Korea Multi-purpose Accelerator Complex (KOMAC). The
resonance control cooling system (RCCS) has supplied the
cooling water to drift tube linac (DTL). The DTL need to
keep the resonant frequency of 350MHz during the operation. RCCS has a critical role in sustaining the acceptable
resonant frequency error in DTL by adopting the resonance
frequency control mode. Details on the RCCS operation in
resonance frequency control mode will be given in this
study.

METHODS AND RESULTS
System Setup
The RCCS has the power & control panel and the cooling skid which is equipped with the pump, heat exchange
and valves. The main components of the cooling skid are
clearly shown in the piping and instrument diagrams in Fig.
2.

INTRODUCTION
The 11 sets of Resonance Control Cooling System
(RCCS) is under the operation in KOMAC. The RCCS was
developed to control the resonance frequency of the DTL
tanks. Because the DTL tanks are different from each other,
the system was designed such that on RCCS controlled one
DTL tank [1]. Regarding the radio frequency system The
characteristics of the KOMAC radio frequency system are
such that 4 independent DTL tanks are driven by one klystron only for DTL 21 ~ DTL 24 as shown in Fig.1 [2].
Figure 2: Piping and instrument diagram.

Figure 1: KOMAC linac layout [2].
The radio frequency characteristics of four independent
DTL tank operated by a single klystron has been already
studied [3]. The study shows the maximum relative phase
deviation, which caused from the temperature variation of
the tank wall and resonant frequency deviation of reference
tank. But we also need to know the characteristics of RCCS
control with this special arrangement in the resonance frequency mode which is not indicated yet. Thus this paper
will mainly present the RCCS operation and characteristics
in the resonance frequency control mode for DTL 21~24.
___________________________________________

RCCS control mode is consisted with temperature control mode and resonance frequency control mode. In the
resonance frequency control mode, the low-level radio frequency control system measures the frequency error from
DTL tank and send the value to the RCCS controller for
controlling 3way control valve. For the temperature control
mode RCCS receive the value from temperature sensor on
the skid and adjust the 3way control valve. The radio frequency power from the klystron is divided into four legs
by magic tee and is delivered into each tank [3]. In the Fig
3, each DTL tank has the separated RCCS for stabilizing
radio frequency power which has their own radio frequency properties.

Figure 3: 20MeV radio frequency control scheme.
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DESIGN OF 1.5 GeV COMPACT STORAGE RING FOR THE EUV AND
SOFT X-RAYS
Jaeyong Lee1,∗ , Seounghyun Lee1 , Youngwoo Joo1,2 , Pikad Buaphad1,2 ,
Heyri Lee1,2 , Ingyo Jeong1,2 , and Yujong Kim1,2,†
1 Future Accelerator R&D Team, Nuclear Data Center, KAERI, Daejeon, 34057, Korea
2 Dept. of Accelerator and Nuclear Fusion Physical Engineering, UST, Daejeon, 34113, Korea

Abstract

Recently, there has been discussions about the need for
the next-generation synchrotron light source facility in Korea. The facility in consideration is composed of a superconducting linear accelerator for the injector, a storage ring
for the EUV and soft X-rays, and a main storage ring for
hard X-rays. In this study, design concepts of the soft X-ray
storage ring are presented. To effectively utilize the small
space allocated for the soft X-ray storage ring, a compact
storage ring is taken into account. The compact storage ring
is a synchrotron accelerator of which diameter is shorter
than the length of injector beamline. In this paper, we report
design concepts and optimization of the compact storage
ring for the EUV and soft X-ray users. The lattice of the
storage ring is modelled by utilizing ELEGANT simulation
code to optimize beam parameters and performance of the
ring.

INTRODUCTION

In Korea, the necessity of a novel synchrotron light
source facility has steadily been raised as the number of
synchrotron beamline users are rapidly growing. Many Korean researchers have been discussing the new facility. The
blueprint of huge synchrotron light source facility is shown
in Fig. 1. There are three parts in the envisioned facility; a
super-conducting linear accelerator (LINAC), a storage ring
for the extreme ultraviolet radiation (EUV) and soft X-rays,
and a main storage ring, which is a multi-bend achromat
(MBA) based diffraction limited storage ring (DLSR). In this
study, the storage ring for soft X-ray is presented. Since the
site where the storage ring will be constructed is not wide,
a compact storage ring (CSR) is considered. The design is
performed with ELEGANT beam dynamics simulation code
[1].

†

integer multiple of the wavelength, the circumference is set
to 48 m. In this case, the harmonic number is 80.
The super-period of CSR was set to four. There are four
arcs and four drift spaces to secure room for insertion devices
such as undulators and RF cavities. The longest drift line is
3 m long. The structure of storage ring is shown in Fig. 2.
In an arc, two bending magnets are located. Five focusing
quadrupoles and two defocusing quadrupoles are located
around those bending magnets.

COMPACT STORAGE RING DESIGN

Although it is not strictly defined, the diameter of the
compact storage ring is considered smaller than the length
of the injector beamline. We tried to make the circumference
of the CSR less than 50 m. In our design, it was assumed
that energy of electron beam is 1.5 GeV and RF system is
equivalent to Pohang Light Source (PLS) RF system [2].
The RF frequency is 500 MHz, and the wavelength of RF
is 0.6 m. Since the circumference of the CSR should be an
∗

Figure 1: Blueprint of the envisioned synchrotron radiation
facility. The storage ring for the EUV and soft X-rays (in
red box) is presented in this study.

jylee1@kaeri.re.kr
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Figure 2: Layout of the designed CSR. QF corresponds to
focusing quadrupole magnet, QD corresponds to defocusing quadrupole magnet, and BM corresponds to bending
magnet.
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STATUS AND INSTALLATION PLAN OF RISP RFQ
AT PROJECT SITE *
Bum-Sik Park † and In-Seok Hong
RISP, Institute for Basic Science, Daejeon, Republic of Korea
Abstract
The Rare Isotope Science Project (RISP) at Institute for
Basic Science (IBS) has been developed a radio frequency quadrupole (RFQ) linear accelerator, which was fabricated and commissioned at the off-site test facility. An
O+7 beam was accelerated from 10 keV/u to 507 keV/u as
a preliminary beam test. For CW and high power operation, RF conditioning test was also conducted.
The RISP RFQ is 5 meters long, 1 meter in diameter
and weighs about 18 tons. It will be disassembled and
transported to the project site for installation as the injector system. The reinstallation commenced in October
2019 and the commissioning of the injector system is
expected to begin in early 2020. In this paper, the development status and reinstallation plan were summarized.

Figure 1: Layout of the RISP facilities.

INTRODUCTION
The Rare Isotope Science Project (RISP) is developing
a superconducting linear accelerator to supply various
stable ions and rare isotopes on the basis of user requirements. Figure 1 shows the layout of the RISP facilities.
There are seven experimental systems for nuclear physics,
nuclear astrophysics, and applications to material sciences, bio and medical sciences. The accelerator complex
consists of two low energy superconducting accelerator
(SCL1 and SCL3) and a high energy superconducting
accelerator (SLC2) [1]. Recently, the SCL1 has been
decided to be postponed due to the budget. However, the
SCL3 is going to be taking a role of SCL1 in the early
operation since the SCL3 is a duplicate of the SCL1.
The injector system is composed of two electron cyclotron resonance (ECR) ion sources, Low Energy Beam
Transfer (LEBT), Radio Frequency Quadrupole (RFQ),
and Medium Energy Beam Transfer (MEBT). To verify
the performance of the components, the injector system
has been installed and the performance test was conducted at the off-site test facility before the site construction
was completed. Figure 2 shows the experimental set up
on the off-site test facility. It is a layout that is not optimized and several components are omitted compared to
the final layout.
The preliminary beam test for the RFQ was conducted
and the oxygen 7+ was accelerated from 10 keV/u to 507
keV/u which was measured by using several methods. On
the basis of the measured beam energy which is consisted
with the PARMTEQ simulation result, the design, fabrication and the tuning procedures were verified [2].
____________________________________________
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Figure 2: Experimental setup in the off-site test facility.
Table 1: Parameters of the RISP RFQ

Paramenters
Frequency
Input Energy
Output Energy
Duty Factor
Transmission
Peak Surface Field

Value
81.25 MHz
10 keV/u
0.507 MeV/u
100 %
~98 %
1.7 Kilpatrick

RISP RFQ
The RISP RFQ is a four-vane RFQ with a low operational frequency (< 200 MHz) and the cavity was fabricated by using brazing technology. The ramped inter-vane
voltage profile was also adopted to reduce the cavity
length. The basic parameters of the RISP RFQ were
summarized in Table 1.
The RFQ cavity consists of nine longitudinal sections
which are composed of the Oxygen Free Copper (OFC) as
shown in Fig. 3. Each section was fabricated through 3
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DESIGN OF THE TRANSFERLINE TO THE ESS TARGET AND BEAM
DUMP AT REDUCED BEAM ENERGY
Y.S. Qin†,1, M. Eshraqi, Y. Levinsen, R. Miyamoto, European Spallation Source ERIC, Lund, Sweden
1
also at Institute of Modern Physics, Chinese Academy of Sciences (IMP/CAS), Lanzhou, China
and at University of Chinese Academy of Sciences (UCAS), Beijing, China

Abstract
The European Spallation Source (ESS) linac transferlines to the target and beam dump are designed for the
2 GeV beam energy. The commissioning and operation of
the accelerator will start at a reduced energy of 571 MeV
with the high beta part of the linac unpowered. The beam
power at this energy is still above 1 MW and a proper
transport from the last accelerating cavity to the target is
essential. Beam dynamics design of the High Energy Beam
Transport (HEBT) line and Accelerator to Target (A2T) are
studied based on this reduced energy in this paper, including phase advance optimization and rematch. Among the
factors which are analyzed are the envelope and beam size
on the target which are kept close to their values at 2 GeV
and losses along the linac and the transferlines.

INTRODUCTION

Figure 1 shows the overview of the ESS linac layout. At
a reduced energy of 571 MeV [1, 2, 3], to transport the
beam with the power of 1.4 MW to the target stably, no
beam loss in the transport line above 1 W/m is tolerated.
Thus, the beam envelope needs to be controlled to be stable
and phase advance should be smooth. The main work of
the paper is focused on beam phase advance smoothing and
rematching of each section for the new beam energy. Other
problems such as achromaticity, π phase advance in the
crossover section [4] and beam size on the target are also
studied.

adjusted to be matched between adjacent sections (see
details in Fig. 11).
For 571 MeV beam, the lattice is rematched from Spoke
Linac (SPK) to the target and dump. All simulations presented in this paper were conducted with TraceWin code
[5].

REMATCH
Comparing with 2 GeV beam, magnetic rigidity of
571 MeV proton beam decreases from 9.3 T·m to 3.9 T·m,
but space charge effect is stronger for the low beam energy.
In the High Beta Linac (HBL) section, the rf defocusing
disappears with the absence of rf power feeding to the cavities. To keep the beam envelope to be at the same level,
the gradient of quadrupoles needs to be adjusted respectively to keep the same phase advance for each period.

HBL
Four quadrupoles near the interface of Medium Beta
Linac (MBL) and HBL are used for matching as shown in
the red rectangle of Fig. 3. The goal is to keep beam envelope in HBL to be smooth and at the same level as the
2 GeV case, so that beam can be delivered without excessive power loss.

Figure 1: Overview of the ESS linac layout.
Figure 3: Root Mean Square (RMS) envelope (upper) and
the vertical dispersion (lower) from SPK to dogleg for
571 MeV beam (Quadrupoles in the red rectangle are used
for matching HBL, green for HEBT, and blue for the dogleg).

HEBT

Figure 2: Phase advance per meter from SPK to HEBT for
2 GeV beam.
For 2 GeV beam, the phase advance per meter is smooth
along the linac as shown in Fig. 2, except for some periods
between different sections because some quadrupoles are

In the same way done for HBL, four quadrupoles near
the interface of HBL and HEBT are adjusted (green rectangle in Fig. 3).
Considering the requirement of phase advance in the
dogleg section, beam envelope in A2T section and beam
size on the target, the phase advance is optimized and redefined in HEBT section. It decreases in the horizontal
plane and increases in the vertical plane smoothly.

___________________________________________
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STATUS OF ESS LINAC UPGRADE STUDIES FOR ESSnuSB*
B. Gålnander#, M. Eshraqi, C. Martins, R. Miyamoto, ESS ERIC, Lund, Sweden
A. Farricker, CERN, Geneva, Switzerland
M. Collins, Lund Technical University, Lund Sweden

Abstract
The European Spallation Source (ESS), currently under
construction in Lund, Sweden, is the world's most powerful
neutron spallation source, with an average power of 5 MW
at 2.0 GeV. In the ESS neutrino Super Beam Project (ESSnuSB) it is proposed to utilise this powerful accelerator as
a proton driver for a neutrino beam that will be sent to a
large underground Cherenkov detector in Garpenberg,
mid-Sweden. In this paper we discuss the required modifications of the ESS linac to reach an additional 5 MW beam
power for neutrino production in parallel to the spallation
neutron production.

an additional 80% increase instead of 100%. Furthermore,
stripping losses of H⁻ ions due to intra-beam scattering will
be reduced, which has been identified as major loss mechanism at SNS [5].

INTRODUCTION

In the ESS baseline design, the linac will accelerate protons to the energy of 2 GeV in 2.86 ms long 62.5 mA pulses
at 14 Hz repetition rate, for spallation neutron production
[1, 2]. The relatively low duty cycle of 4% of the ESS linac
allows for accelerating additional pulses of H⁻ ions, interleaved with the proton pulses. By adding a second H⁻
beam, interleaved with the proton beam, the duty cycle will
be increased to 8% and the average power to 10 MW. The
objective of the ESS neutrino Super Beam (ESSnuSB) project is to make high precision measurements of possible
CP-violation. The large underground Cherenkov detector
will be placed near the 2nd oscillation maximum, in
Garpenberg mid Sweden, thereby increasing the sensitivity
[3]. The pion focusing horns at the neutrino target provide
focusing during only 1.5 µs, requiring the proton pulses to
be of the order of microseconds. These short pulses can be
achieved by injecting the H⁻ beam into an accumulator ring
by charge exchange injection before they are sent to the
neutrino target. The spallation neutron users could also
benefit from short pulses giving synergy effects of the upgrade of the linac and the accumulator ring [4]. The layout
of the beam line for neutrino production including accumulator ring, production target and near detector are shown in
Fig. 1.
As the average power of the linac will be doubled from
5 MW to 10 MW, a corresponding increase of the output
power from the RF sources and of the capacity of the different cooling systems will be required. The baseline upgrade plan of the linac is to increase the energy of 2.5 GeV,
Fig. 2, which allows a lower average beam current of
~50 mA, instead of 62.5 mA. This lower current will limit
the demands for the RF power upgrade in each module to
______________________

Figure 1: Layout of the ESS neutrino Super Beam facility
added to the ESS neutron spallation facility.
The accelerator layout is shown schematically in Fig. 2,
including an upgrade section in the high-energy end to
2.5 GeV. The beam parameters are summarised in Table 1.

Figure 2: The layout of the upgraded linac.
Table 1: Beam Parameters
Parameter
Ion
Average beam power
Kinetic energy
Macro pulse current
Pulse repetition rate
Beam Duty cycle
Linac length

ESS
p
5 MW
2 GeV
62.5 mA
14 Hz
4%
352.5 m

Upgrade
p + H⁻
10 MW
2.5 GeV
~50 mA
28 Hz
8%
352.5 + ca 70 m

Linac Front-End and Ion Source
The acceleration of H⁻ ions requires the linac front-end
section to be modified and a new ion source to be added,
see Fig. 3. One option (left) is to merge the beams in the
LEBT and use the same RFQ, the other option (right) is to
use two separate front-end sections and merge the beam in

* ESSnuSB has received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No
777419.
# bjorn.galnander@esss.se
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BEAM DYNAMICS SIMULATION WITH AN UPDATED MODEL FOR
THE ESS ION SOURCE AND LOW ENERGY BEAM TRANSPORT
E. Nilsson∗ , M. Eshraqi, Y. Levinsen, N. Milas, R. Miyamoto, J. F. E. Müller, ESS, Lund, Sweden
Table 1: Beam Parameters at IS and Target

Abstract

Beam dynamics simulation of the ion source (IS) and low
energy beam transport (LEBT) of the European Spallation
Source (ESS) Linac is conducted with TraceWin and IBSimu
code. TraceWin allows multi-particle tracking based on
a particle-in-cell space-charge solver and is the standard
simulation tool of the whole ESS Linac. IBSimu is based
on a Vlasov solver and allows to simulate beam extraction
from plasma as well as the beam transport in the LEBT. In
preparation for beam commissioning of the IS and LEBT in
the ESS Linac tunnel, which started in September 2018 and
is ongoing as of the time of writing this paper, the simulation
models of the IS and LEBT in these two codes were updated.
This paper reports the effort for these updates, including
particle distribution out of the IS, electromagnetic field map
of the LEBT solenoid, more realistic aperture structure in the
LEBT, as well as updated LEBT solenoids scan simulation.

INTRODUCTION

The European Spallation Source (ESS), currently under
construction in Lund, Sweden, will be the world’s most
powerful neutron source. It is driven by a proton linac at
62.5 mA, with 2.86 ms long pulses at 14 Hz. The first section
of the proton linac (IS and LEBT) have been commissioned
first at INFN-LNS and at ESS in late 2018 and the first half
of 2019 [1–3]. Front-end and target main beam parameters
are summarized in Table 1.
In the LEBT, two solenoids focus the beam that is transported to the next section, the RFQ, where it will be bunched
and accelerated to 3.6 MeV. As tuning and initial operation
requires lower power than the nominal 5 MW, an iris is installed in LEBT to adjust the peak current. Matching to the
RFQ is sensitive to beam parameters and machine conditions, in particular the level of space charge compensation
(SCC). The goal of the IS-LEBT commissioning is to establish optimal candidates of beam modes to transport to the
RFQ, once installed.
Multi-particle tracking simulations are performed to support the commissioning activities. Such simulations have
previously shown that matching from the LEBT to the RFQ
can be achieved by identifying the region of high transmission, as it coincides with the region of minimum transverse
and longitudinal emittance growth. In this paper we verify that this matching method is valid also for the updated
model, which includes an improved IS particle distribution,
new field maps as well as a more detailed aperture description in the LEBT.
∗
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Parameter

Unit

IS

Target

Kinetic energy
Pulse current (total)
Pulse current (proton)
Proton fraction
Pulse length
Pulse repetition rate

MeV
mA
mA
%
ms
Hz

0.075
∼85
∼70
∼80
∼6
14

2000
62.5
62.5
100
2.86
14

UPDATES IN SIMULATION
IS Output Distribution
For simulations of the beam extraction and transport in
LEBT, IBSimu code [4] has been used [3, 5]. In the very
beginning of the off-site beam commissioning of the IS and
LEBT at INFN-LNS, ∼100 mA of current was extracted.
LEBT transport simulations corresponding to this condition were presented in [3]. Due to indications of a large
initial divergence for this condition, later during the offsite beam commissioning, the extraction system was moved
closer to the plasma surface by 1 mm and the extracted
current was also reduced to ∼83 mA [6]; these changes
made the beam envelope after the first solenoid more parallel to the beam axis. Our IBSimu simulation has been
also updated by reflecting these changes. Figure 1 shows
the old (left) and new (right) horizontal phase space distribution of the proton beam from IBSimu at the lattice
interface of the IS and LEBT, 70 mm downstream of the
plasma surface. For the new distribution, the total extracted current is 83 mA, of which 70.8 mA are protons.
The emittance (RMS normalized) ε N and Twiss parameters are ε N = 0.135 π mm mrad, β = 1.09 mm/π mrad, and
α = −11.50 for the old and ε N = 0.144 π mm mrad, β =
0.44 mm/π mrad, and α = −4.23 for the new. This new distribution is used as the input of the LEBT simulations conducted using the TraceWin code [7] in later sections.

Figure 1: Old (left) and new (right) IS distributions from
the IBSimu code.
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ESS LOW ENERGY BEAM TRANSPORT TUNING DURING THE FIRST
BEAM COMMISSIONING STAGE
R. Miyamoto∗ , C. S. Derrez, E. Laface, Y. Levinsen, N. Milas, A. G. Sosa, R. Tarkeshian
C. Thomas, ESS, Lund, Sweden
Table 1: High-level Beam Parameters at IS and Target

Abstract

Beam commissioning of the ion source (IS) and low energy beam transport (LEBT) of the European Spallation
Source is ongoing on its site as of writing this paper and continues until June 2019. The LEBT consists of two solenoids
with integrated dipole correctors to steer, focus, and match
the high current divergent beam out of the IS to the following
radio frequency quadrupole (RFQ). It is also equipped with
a suite of diagnostics devices to provide a full characterization of the beam for achieving a good transport within
the LEBT, optimizing the matching to the RFQ, and also
providing references to numerical simulations. This paper
presents results of beam characterization campaign from the
ongoing beam commissioning period, including the matching at the RFQ interface based on emittance sampling for
varied strengths of the solenoids and verification of the linear
model for the trajectory and beam envelope.

INTRODUCTION

The European Spallation Source, under construction in
Lund, Sweden, will be a spallation neutron source driven by
a superconducting proton linac with a design beam power of
5 MW [1]. Beam commissioning (BC) of the linac started
from ion source (IS) and following low energy beam transport (LEBT) section in September 2018 and is scheduled to
continue until June 2019. Overall status of the IS and LEBT
as well as characterization of the IS is presented in [2]. This
paper presents results of the LEBT BC, focusing on characterization of its linear optics and matching to the following
radio frequency quadrupole (RFQ) section.

IS AND LEBT OVREVIEW

This section provides brief overviews over the IS and
LEBT of ESS. The IS and LEBT were in-kind contributions
of INFN-LNS and tested with beam on their site prior to
delivery to the ESS site [3–6]. The IS of ESS is a microwave
discharge source and produces a high quality proton beam
with current up to ∼80 mA at 75 keV. The beam out of the
IS includes small fraction of other ion species, mainly H+2
and H+3 , and proton fraction is typically around 85% [7].
Nominal beam pulse length and repetition rate of ESS Linac
are 2.86 ms and 14 Hz, making duty cycle 4%, but we typically extract a ∼6 ms pulse from the IS. The initial part of
the pulse, generated during the stabilization period of the
IS, is removed by a chopper in the LEBT. Beam parameters
out of the IS are listed in Table 1 together with those at the
target.
∗
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Parameter

Units

IS

Target

Average power
Kinetic energy
Peak current (total)
Peak current (proton)
Pulse length
Pulse repetition rate
Duty cycle

kW
MeV
mA
mA
ms
Hz
%

∼0.5
0.075
∼85
∼70
∼6
14
∼8

5000
2000
62.5
62.5
2.86
14
4

Figure 1 shows a LEBT schematic. It is ∼2.5 m long and
consisting of two focusing solenoids, a tank (Permanent
Tank) housing diagnostics devices and the chopper, and an
iris for adjusting beam current. Each solenoid also houses
coils to form dipole correctors (steerers) for each transverse
plane. The last component is a collimator with an aperture
radius of 7 mm at its end. During this BC period, another
tank (Commissioning Tank) is placed in the position of the
RFQ and allows to house additional diagnostics devices.
Five types of diagnostics devices are included in the LEBT,
and their details and deployment statuses are summarized
in [8]. For current measurement, there are two beam current
monitors (BCMs) and one Faraday cup (FC). The FC can
be placed in either of the tanks. Beam induced fluorescence
monitors (BIFMs) provides centroid position and one dimensional profile of the beam. A pair for each transverse plane
is in Permanent Tank, and another pair in Commissioning
Tank is currently under deployment. Each tank houses one
Allison scanner type emittance measurement unit (EMU),
both for the vertical plane, allowing to measure emittance
and Courant-Snyder (CS) parameters at two locations in the
beam-line. Doppler detector provides information of the
fractions of ion species as well as their energies but has not
yet been deployed on the ESS site. In this paper, we mainly
show beam characterizations based on the BIFM and EMU.
BCM

HV
Chamber Repeller

(FC)
(Dpl)
BIFM-H
BFIM-V
EMU-V

N2 injection Iris Chopper
Solenoid 1
Steerer 1H
Steerer 1V

BCM

FC
(BIFM-H)
(BIFM-V)
EMU-V

Collimator
Repeller
Solenoid 2
Steerer 2H
Steerer 2V

Beam stop

Figure 1: ESS LEBT schematic.
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COMMISSIONING OF A NEW DIGITAL TRANSVERSE DAMPER
SYSTEM AT THE PSB
G.P. Di Giovanni∗ , F. Antoniou, A. Blas, Y. Brischetto,
A. Findlay, G. Kotzian, B. Mikulec, G. Sterbini, CERN, Geneva

Abstract
At the CERN Proton Synchrotron Booster, PSB, an analog
transverse damper system has been in operation since 1999,
providing satisfactory operational results with the proton
beam supplied by Linac2. As a consequence of the LHC Injectors Upgrade, the PSB will face new challenges imposed
by higher intensity, injection and extraction energy. In this
framework, the transverse feedback system is subject to an
upgrade to adapt to the expected Linac4 beam and to the demands for new features including transverse blow-up, beam
excitation for optics measurements and new remote control
and monitoring capabilities. The replacement of the aging
electronic hardware is also recommended to improve the
system maintainability for future years. During 2018 a new
digital transverse feedback electronics was installed in the
PSB, in parallel with the current operational one, offering
for the first time the occasion to demonstrate its performance
with beam. Encouraging results were obtained such as the
suppression of beam instabilities at all PSB energies and
intensities. In this paper we describe the steps undertaken
in 2018 in order to commission the system with the main
goal to accelerate and extract the highest intensity beams
produced at the PSB.

TFB HARDWARE
The PSB TFB system consists of independent feedbacks
per ring and plane, and is composed of an electrostatic pickup in the straight section 4L5 and a stripline kicker located in
the straight section 3L1, as outlined in Fig. 1. The working
principle is as follows. Two opposing pick-up electrodes
sense the electric field of the traversing beam and pass the
signal to a head amplifier. Then a Beam Orbit Signal Suppressor (BOSS) actively removes the closed orbit beam position. A separate switch allows to select between the analog
system or to use the new digital TFB, as during the 2018
run the analog system was still used for operation. Finally,
a power amplifier stage provides the required voltage per
kicker electrode fed back to the beam as a corrective force.

INTRODUCTION

The CERN Proton Synchrotron Booster (PSB) is the first
circular accelerator in the proton injector chain of the LHC
and it is composed of 4 superposed rings that have a common
injection and extraction beamline [1]. The PSB presently
receives protons from the linear accelerator Linac2 at an
energy of 50 MeV and accelerates them to 1.4 GeV. A transverse damper system has been successfully operated since
1999, allowing to accelerate proton beams with an intensity up to 1.1 × 1013 protons−per−ring (ppr) for the CERN
fixed target physics program. The main source of coherent
transverse instability in the PSB is currently observed in
the horizontal plane, appearing around the kinetic energy
of 160 MeV, for an intensity typically above 200 × 1010 ppr
and with a tune ranging from 4.22 to 4.30. Recent studies in
2018 isolated the source of the impedance to the unmatched
termination in the PSB extraction kicker [2].
In the context of the LHC Injectors Upgrade (LIU)
project [3], the present Transverse Feedback system (TFB)
is subject to an upgrade, using digital signal processing hardware together with new power amplifiers. The new system
has been designed to adapt to the expected Linac4 beam [4].
The updated TFB has been specified to damp transverse
instabilities from 160 MeV to 2.0 GeV, with an intensity up
∗

to 2.5 × 1013 ppr and a bandwidth up to 20 MHz. Another
important reason for the upgrade was the replacement of
the aging electronics hardware, an intervention which was
advisable because of maintenance considerations.
This paper describes the procedure followed in 2018 to
commission the new digital system, together with the results
achieved.
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Figure 1: Simplified block diagram of the PSB TFB.
Following the signal path at the output of the BOSS unit
through the analog hardware, one finds a fixed delay together
with an automatic delay compensating for the time of flight
between pick-up and kicker. In this scheme the TFB control
module provides configurable gain, loop switching and a
low pass filter limiting the bandwidth to 13 MHz.
For the new digital hardware, a VME card [5] is used
for processing the sampled BOSS output generated by an
on-board 14 bit analog-to-digital converter (ADC). The sampling clock as well as the FPGA clocking of the signal processing chain is synchronous to the beam revolution frequency (harmonic h=64). In the firmware a notch filter first
digitally eliminates revolution harmonics, followed by a digital multiplication for controlling the closed loop gain.
At this point it is worth noting that, in the analog hardware, the betatron phase is not adjusted, leading to a feedback
phase error over 0.8917 machine turns of [-34; 62] degrees
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IDENTIFICATION AND COMPENSATION OF BETATRONIC
RESONANCES IN THE PROTON SYNCHROTRON BOOSTER
AT 160 MEV
A. Santamaría García ∗1 , F. Antoniou1 , S. Albright1 , F. Asvesta1,2 , H. Bartosik1 , G.P. Di Giovanni1 ,
B. Mikulec1 , H. Raﬁque1 , 1 CERN, Geneva, Switzerland, 2 NTUA, Athens, Greece

The Proton Synchrotron Booster (PSB) is the ﬁrst circular
accelerator in the injector chain to the Large Hadron Collider
(LHC) and accelerates protons from 50 MeV to 1.4 GeV. The
PSB will need to deliver two times the current brightness
after the LHC Injectors Upgrade (LIU) in order to meet the
High Luminosity LHC (HL-LHC) beam requirements. At
the current injection energy a large incoherent space charge
tune spread limits the brightness of the beams, which is
one of the main motivations to increase the injection energy
to 160 MeV with the injection provided by Linac4, a new
H− linear accelerator. The higher injection energy will allow doubling the beam intensity while maintaining a space
charge tune spread similar to current values. The degradation of the beam brightness due to the tune spread can be
minimized with a proper choice of working point and an eﬃcient compensation of resonances. In this paper, we present
the measurement of the betatronic resonances in the four
rings of the PSB at 160 MeV before the Long Shutdown 2,
as well as the results of a proposed compensation scheme.

INTRODUCTION

Injection into the Proton Synchrotron Booster (PSB) at
CERN is dominated by incoherent space charge eﬀects. Due
to the large tune spread at injection energy, which can go
up to ΔQ = 0.5 [1], the tune is set far away from the integer
resonances, then moves quickly to a resonance-free region
as the tune spread shrinks due to acceleration.

4.4

700

4.3

600

4.2
500

4.1
4.0

400

3.9
4.0

4.2
QH

4.4

300

Figure 1: Evolution of the average tune and tune spread in
the PSB for the BCMS beam, a low intensity (≈ 80 × 1010 )
ppb cycle accelerated in a single harmonic RF bucket.
During this process several resonances are crossed, the
most important being the half-integer resonance 2QV = 9.
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RESONANCE MEASUREMENTS
Measurement Set-Up
A dedicated 160 MeV ﬂat-top cycle was used to perform
the resonance measurements at constant energy (shown in
Figure 2).
600

150

400

100

200

50

0

0
0

Cycle time [ms]

QV

4.5

Figure 1 illustrates the change in Q H ,V and ΔQ H ,V of the
Batch Compression Merging and Splitting (BCMS) cycle [2],
used as the main operational LHC ﬁlling cycle during 2018.
The resonant tune lines are shown up to 4th order, where 1st
order resonances are plotted in red, 2nd order in blue, 3rd
order in green, and 4th in purple. Skew resonances are shown
as dashed lines and normal resonances as solid ones. The
tune spread at injection (larger lozenge) and before extraction
(smaller lozenge) are also shown [3].
The dynamic resonance crossing of the operational tune
can cause both emittance growth and beam loss. Therefore,
eﬃcient resonance compensation is key to achieve maximum
brightness. A resonance measurement and compensation
campaign was carried out at the new injection energy of
160 MeV so that it could serve as comparison for the start
of Run 3.
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Figure 2: The 160 MeV ﬂat-top energy cycle. The dashed
lines indicate injection and extraction times (at 275 ms and
805 ms, respectively).
The beam intensity was recorded with the Beam Current
Transformers (BCTs) in the rings and the tune was measured
with the BaseBand tune measurement system (BBQ) [4].
The BBQ system kicks the beam transversely and its oscillations are observed at a position pick-up turn by turn.
The fractional part of the betatron tune is then extracted
by analyzing the frequency components of the amplitude
data obtained by the BBQ system. The newly developed PyNAFF [5] Python library was used for this purpose, which
implements the Numerical Analysis of Fundamental Frequencies method [6]. In order to disentangle space charge
from machine imperfection eﬀects the beam emittance was
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TRANSVERSE EMITTANCE STUDIES AT EXTRACTION OF THE CERN
PS BOOSTER
F. Antoniou, S. Albright, F. Asvesta, H. Bartosik, V. Forte, M. A. Fraser, T. Prebibaj,
A. Santamaria Garcia, G. P. Di Giovanni, A. Huschauer, B. Mikulec, P. Skowronski, A. Valdivieso
CERN, Geneva, Switzerland

Abstract

Transverse emittance discrepancy in the beam transfer
between the Proton Synchrotron Booster (PSB) and the Proton Synchrotron (PS) is observed in operational conditions
for the LHC beams at CERN. The ongoing LHC Injectors
Upgrade (LIU) project requires a tight budget for beam degradation along the injector chain and therefore the reason for
this emittance discrepancy needs to be understood. Systematic measurements have been performed for various beam
characteristics (beam intensity, transverse and longitudinal
emittance). In this paper, a comparison between the emittance measurements using all available beam instrumentation with different emittance computation algorithms is
presented. The results are compared to measurements at
PS injection. Furthermore, the impact on the LIU project
requirements for the emittance preservation along the LHC
Injectors Complex is discussed.

1058

EMITTANCE MEASUREMENTS

INTRODUCTION

The PSB is the first circular accelerator in the LHC injector chain, consisting of 4 rings that have a common injection
and extraction beamline. The PSB is where the brightness,
defined as the ratio between the beam intensity and the transverse beam emittance, i.e. 2 Nb /(ϵx + ϵy ), of the LHC beams
is determined and is dominated by space charge effects at
injection [1].
The PSB presently undergoes major changes as part of
the LIU project, aiming to increase the beam brightness of
the LHC beams by a factor of 2. In order to achieve this goal,
tight budgets on losses and emittance degradation along the
injector chain have been defined [2].
During the entire LHC Run 2, a systematic horizontal
emittance discrepancy of the order of 50% was observed
for the operational LHC beams between the PSB extraction
and the PS injection [3, 4]. The operationally used transfer
line optics results in a significant mismatch of the horizontal
dispersion at the PS injection, which can explain only part
of the observed discrepancy (i.e. 20 %). Various studies
were dedicated in past years to identify the possible sources
leading to this effect [5–7].
In this paper, the impact of systematic errors on the transverse emittance measurement in the PSB is analysed. In
2018, a systematic transverse emittance versus beam intensity measurement campaign was performed [8, 9]. The
measurements were carried out in all 4 PSB rings using
the operational wire scanners (WS) at extraction energy
(1.4 GeV). The beam was then extracted and sent either
to the Booster Transfer Measurement (BTM) line or to the

MOPTS087

Booster Transfer to PS (BTP) line and eventually to the PS.
The transverse emittance was then measured with either the
Secondary Emission Monitor (SEM) grid system located in
the BTM line or with the PS wire scanners 15 ms after injection, respectively. The longitudinal beam profile was also
measured for each case. The measurements were performed
on the operational BCMS (Batch Compression, Merging and
Splitting) beam type, for an intensity range of 60-100×1010
protons per bunch. The nominal intensity for the BCMS
beam in 2018 was 75×1010 ppb.

Figure 1: Horizontal emittance versus intensity, as measured
with the PSB WS (green), the PS WS (blue) and the SEM
grids in the BTM line (black).
Assuming a measured transverse beam profile and Gaussian beam distributions in all 3 planes, the transverse emittance of the beam can be defined as:
ϵx,y =

2
σx,y

βx,y

−

D2x,y (δp/p)2
βx,y

,

(1)

where: σx,y is one standard deviation from a Gaussian fit
over the horizontal (x) and vertical (y) beam profiles; βx,y
are the horizontal and vertical beta functions and Dx,y the
dispersion at the location where the profile is measured;
δp/p is the momentum spread of the beam. The emittance
computation using the SEM grid profile measurements is
based on the 3 grid method [10]. In all cases the momentum
profiles are computed from the multiple acquisitions of the
bunch length using a tomoscope application [11,12]. Table 1
summarises the optics parameters at the location of the wire
scanners in the PSB and the PS, based on the perfect optics
models of the two accelerators.
Figure 1 shows the horizontal emittance measurement
as a function of the beam intensity for ring 3, using the
beam size measured with the PSB WS (green), the PS WS
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TRANSVERSE BEAM DYNAMICS STUDIES WITH
HIGH INTENSITY LHC BEAMS IN THE SPS
M. Carlà∗1 , H. Bartosik1 , M. Beck1 , L. Carver1,2 ,
V. Kain1 , G, Kotzian1 , K. Li1 , G. Rumolo1 , C. Zannini1 ,
1 CERN, Geneva, Switzerland, 2 University of Liverpool

Abstract

In order to reach the target beam parameters of the LHC injectors upgrade (LIU), about twice the presently operational
intensity of LHC type beams has to be achieved. Although
the planned upgrade of the main RF system will occur during the long shutdown, a series of measurements have been
performed to assess the beam dynamics challenges with
these very high intensity beams on the long SPS injection
plateau. Bunch-by-bunch transverse emittance blow-up measurements suggested the presence of electron-cloud. After a
period of running with the high intensity beam for a couple
of days, a clear improvement of beam quality was observed
which is attributed to scrubbing. In addition, a horizontal
headtail instability is encountered for the usual operational
settings of chromaticity and transverse damper. The stability
limit as a function of chromaticity and Landau octupole settings has been explored and will be discussed, together with
possible sources of the instability and mitigation strategies.

INTRODUCTION

The LHC injectors upgrade (LIU) project [1,2] is presently
implementing a series of major upgrades of the injector
complex at CERN in order to achieve the beam parameters
requested by the High Luminosity LHC (HL-LHC) project.
For the SPS, this includes a major upgrade to the main RF
system. The aim is to provide the necessary RF power for
compensation of beam loading, which presently limits the
acceleration of LHC beams to an intensity about 1.3e+11 p/b
due to losses. In combination with impedance reduction
measures to improve longitudinal stability, the LIU upgrades
of the SPS RF system are expected to enable the acceleration
of the future LHC beams with appropriate beam quality for
the target intensity of 2.3e+11 p/b at SPS extraction. While
such high intensity beams could not be accelerated up to
now (at least not the bunch train configurations of interest
for the LHC), these beams could already be studied at the
injection plateau.
High intensity LHC beams suffer from losses on the SPS
flat bottom because the RF buckets are full and the RF power
presently available is not sufficient for beam loading compensation [3, 4]. The long injection plateau at 26 GeV/c is
also challenging for transverse emittance preservation and
beam stability. Space charge effects and the impact of power
converter ripple have been investigated [5]. This paper summarises the studies concerning the electron cloud effect and
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the horizontal instability encountered at injection of high
intensity LHC beams.

ELECTRON CLOUD
When the LHC beams with 25 ns bunch spacing had been
injected for the first time into the SPS in the early 2000’s,
strong electron cloud (e-cloud) effects had been observed [6].
In particular, strong pressure rise was observed and the beam
suffered heavy instabilities and emittance degradation, as
well as losses. Over the years, the situation has gradually improved thanks to scrubbing, i.e. conditioning of the vacuum
chamber surface through beam induced electron bombardment. Nowadays, the e-cloud effect is sufficiently mitigated
for LHC beams with intensities up to 1.3e+11 p/b. However,
the LIU target beam parameters require about twice this
intensity. The LIU strategy concerning e-cloud is to rely on
scrubbing. Only a small portion of the ring circumference
(i.e. the vacuum chambers of focusing quadrupoles) will be
coated with amorphous Carbon to suppress the e-cloud effect
in synergy with the impedance reduction campaign [2].
A dedicated scrubbing campaign with high intensity LHC
beams in the SPS (about 2e+11 p/b) was performed in 2015
for about 10 days [7]. A horizontal instability affecting the
third and fourth batch of trains of 72 bunches was observed,
which required running with high chromaticity and Landau
octupoles. Nevertheless, a clear reduction of the pressure
rise was observed along this period and also beam transmission on the long injection plateau could be improved
with time before saturating at around 88 %. Detailed studies
in the following years have shown that the main origin for
losses with LHC beams is coming from insufficient beam
loading compensation due to RF power limitations of the
SPS 200 MHz main RF system in combination with full RF
buckets [8]. These losses should be significantly reduced
with the major upgrade of the SPS RF system including rearrangement of the travelling wave cavities into smaller sections for reducing beam loading and the construction of two
additional RF power plants as part of the LIU project [1, 2].
In 2018, the studies on e-cloud effects in the SPS continued, but this time the “BCMS” beam [9, 10] with four
batches of 48 bunches per batch was used. This beam has
smaller transverse emittances and thus higher brightness
(almost a factor 2) compared to the standard LHC beam and
is thus less critical with respect to losses. From end of May
until middle of July systematic measurements of the transverse emittances were performed during several periods with
high intensity BCMS beams on the SPS injection plateau.
Figure 1 shows a summary of the intensity per bunch and the
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HL-LHC-TYPE CRAB-CAVITY
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Abstract

Two High Luminosity Large Hadron Collider (LHC) type
crab-cavities have been installed in the CERN SPS for testing
purposes. An attempt to characterize the skew-sextupolar
component of the radio frequency field of the crab-cavity
(a3 ) has been carried out by means of beam-based techniques
using turn-by-turn monitoring of the betatron motion. The
skew nature of a3 couples the horizontal and vertical betatron
motions through a non-linear term. Therefore by exciting
the horizontal betatron motion it was possible to observe
a spectral line in the vertical beam motion driven by the
non-linear coupling at the characteristic frequency 2Q x . A
measurement of the magnitude of a3 was thus obtained by
characterizing amplitude and phase of such line. The results
of the measurements are discussed here.

INTRODUCTION

Crab cavities will contribute to an increase in the LHC luminosity output as part of the the High-Luminosity LHC upgrade [1–4]. The transverse radio frequency electric field of
the crab cavity is synchronized with the circulating bunches
such that the head and tail of the bunches receive an opposite transverse kick while the central part of the bunch
stays unperturbed. This condition "tilts" the bunch in the
transverse plane and produces head-on collision. Space constraints, mainly due to the limited separation between the
two counter-rotating beams, required the crab cavities to
be shaped accordingly, resulting in a non-perfect transverse
profile of the dipolar electric field. From simulations [4],
a quadratic term has been identified as the main contributor beyond the purely dipolar field. Due to the potential
beam dynamics implications of such a non-linear field, it was
found necessary to verify experimentally the results of the
crab-cavity electromagnetic model simulation. The radiofrequency (RF) nature of the crab-cavity field makes it very
hard to measure precisely such a non-linear field component
in an RF test bench, therefore a beam based measurement
was attempted.
During 2018, a prototype set of the LHC cavity has been
installed in the SPS [5] for test and validation purposes, providing an opportunity to carry out the measurement. The
method selected to carry out the experiment is based on the
turn-by-turn observation of the non-linear betatron motion.
The cavities were installed in a vertical kick configuration,
turning the quadratic field distortion into a skew-sextupolar
field. A skew sextupole provides a non-linear coupling force
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between horizontal and vertical planes. By approaching the
problem in a perturbative fashion, where the linear betatron
motion dominates over the small non-linear perturbation,
the betatron motion can be decomposed into small set of
modes with characteristic frequencies. The measurement
has been carried out by exciting the horizontal betatron motion and observing with a turn-by-turn technique [6] the
spectral lines V20 and V00 , where Vnm stands for a vertical
mode with frequency n · Q x + m · Q y with Q x and Q y representing respectively the horizontal and vertical tunes (V00
has frequency zero and therefore is a static orbit distortion).
Other modes are found by exciting the vertical betatron motion (or both planes at the same time) but have not been
considered in this work because of experimental limitations
explained in the next section.

SPS TURN-BY-TURN OPTIMIZATION
Ideally, a single low intensity bunch provides the best
possible approximation of the single particle dynamics and
therefore is the preferred condition to carry out turn-byturn measurements. However, this condition is far from the
optimal working point of the SPS beam position monitors
(BPM) [7], resulting in very noisy read-out. Increasing
the bunch intensity is not an option, because of the strong
decoherence due to collective effects and beam instabilities
observed at low chromaticity. Instead, by employing a train
of low intensity bunches with low chromaticity setting of
the machine, it was possible to obtain clear signals with low
decoherence in the horizontal plane. Unfortunately this was
not possible in the vertical plane. Figure 1 shows the bunchby-bunch detuning in the horizontal and vertical planes for a
train of 72 bunches. Due to transverse coupling impedances,
the vertical plane is subject to a strong tune-shift along the
train, resulting when observed with a standard BPM, in a
strong decoherence of the vertical betatron motion. This
is not the case for the horizontal plane, where no major
detuning is observed until a threshold of ∼5e12 protons is
reached, triggering the build-up of electron-cloud. Operating
below this threshold allowed the clear observation of the
spectral lines V00 and V20 . The maximum kick strength to
be used to excite the horizontal betatron motion instead was
set by the safety margins required to operate the crab-cavity
that imposed a maximum trajectory excursion of 10 mm.

SKEW-SEXTUPOLE MEASUREMENT
The ability to change the crab-cavity field amplitude allows for a differential measurement, where data-sets are
acquired in two configurations: cavity on and cavity off,
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MECHANICAL ROBUSTNESS OF HL-LHC COLLIMATOR DESIGNS*
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carbon-fibre-reinforced carbon (CFC) used so far. In
Abstract
Two new absorbing materials were developed as
collimator inserts to fulfil the requirements of HL-LHC
higher brightness beams: molybdenum-carbide graphite
(MoGr) and copper-diamond (CuCD). These materials
were tested under intense beam impacts at CERN
HiRadMat facility in 2015, when full jaw prototypes were
irradiated. Additional tests in HiRadMat were performed in
2017 on another series of material samples, including also
improved grades of MoGr and CuCD, and different coating
solutions. This paper summarizes the main results of the
two experiments, with a main focus on the behaviour of the
novel composite blocks, the metallic housing, as well as
the cooling circuit. The experimental campaign confirmed
the final choice for the materials and the design solutions
for HL-LHC collimators, and constituted a unique chance
of benchmarking numerical models. In particular, the tests
validated the selection of MoGr for primary and secondary
collimators, and CuCD as a valid solution for robust
tertiary collimators.

secondary collimators, where the thermal loads are less
concentrated, a 5 µm molybdenum coating is applied on
MoGr to further reduce the impedance. Finally,
copper-diamond (CuCD) [6] is proposed as a more robust
solution compared to the tungsten heavy alloy currently
used in tertiary collimators.

HiRadMat EXPERIMENTS
In order to validate the mechanical design and the
material choices, two experiments were performed in 2015
and 2017 at CERN HiRadMat facility [7]. During the first
experiment, named “Jaws” [8], two full-scale HL-LHC
collimator jaws in MoGr and CuCD were built, largely
instrumented and installed in a vacuum chamber together
with a standard LHC collimator in CFC Fig. 1. left). The
test aimed at assessing the thermomechanical response
under beam impact of the key elements such as absorbing
blocks, taperings, BPMs and cooling circuit.

INTRODUCTION

Figure 1: HL-LHC collimator jaw section view.

Primary
collimator
jaws
make
use
of
molybdenum-carbide graphite (MoGr) [5], offering a
significant reduction of impedance compared to the 2D
___________________________________________

Figure 2: Configuration of Jaws, with, from top to bottom,
CFC, MoGr and CuCD jaws (left) and Multimat (right).
The second experiment, “Multimat” [9], featured
several material samples, also including MoGr and CuCD,
with the goal of determining the material models to adopt
in numerical simulations (see Fig. 2, right). Moreover, in
Multimat, profiting of the sample geometry, it was possible
to reach dynamic strains on the most loaded specimens
significantly higher than what expected in the HL-LHC
accidental scenarios (Table 1). Additionally, Multimat
aimed at evaluating, under proton impacts, the adherence
of coatings made of molybdenum, copper and titanium
nitride, applied to MoGr, CFC and isotropic graphite. The
parameters of the two experiments, together with those
expected in the HL-LHC accidental scenarios, i.e. beam
injection error (BIE) and asynchronous beam dump (ABD)
[10], are reported in Table 1 where ntot is the pulse intensity,

This is a preprint — the final version is published with IOP

In recent years, a novel design was proposed for LHC
collimators [1], to cope with the requirements imposed by
the High-Luminosity upgrade of the LHC (HL-LHC). Such
requirements encompass material robustness under higher
beam stored energy (from 360 MJ to 680 MJ), as well as a
reduction in impedance [2]. A new collimator jaw (see
Fig. 1) was developed to ease manufacturing and
assembling, compared to the previous configuration [3].
The new design features a common platform for the three
halo cleaning families (primary, secondary and tertiary
collimators), which enables using different absorbing
materials with the same supporting structure [4].
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NUMERICAL AND EXPERIMENTAL EVALUATION OF THE DQW CRAB
CAVITY CRYOMODULE THERMAL BUDGET*
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Abstract
One of the key devices of the HL-LHC project are SRF
Crab Cavities. A cryomodule with two Double Quarter
Wave (DQW) crab cavities has been fabricated at CERN
in 2017 and successfully tested with beam in the Super
Proton Synchrotron (SPS) in 2018. The aim of this study is
to present and compare the estimation of the thermal
budget for the different components of the cryomodule,
performed with numerical and semi-analytical methods,
with the experimental measurements carried out on the
cryomodule before its installation in the SPS.

INTRODUCTION AND HEAT BUDGET

Superconducting crab cavities are part of the HL-LHC
upgrade, a project that aims at achieving instantaneous
luminosities a factor of five larger than the LHC nominal
value. The crab cavities provide a deflecting kick on the
proton beam, maximizing the overlap at the collision
points [1]. During 2018, a prototype two-cavity
cryomodule (Figure 1) was successfully tested with beam
in the SPS accelerator [2].

CERN in December 2017, temperature measurements were
taken in the different cryomodule components and He
cryogenic lines. The present contribution makes use of
these experimental measurements to:
 Update the static heat load balance of the cryomodule
accounting for actual temperature measurements.
 Compare the overall static heat load in the
cryomodule, obtained after the evacuation of the liquid
He, with the heat load balance obtained component by
component of the cryomodule.
Table 1 is a summary of the re-evaluated static heat loads
to the cold bath (2 K) and the thermal shield (Int.) for each
considered part based on measured temperatures.
Table 1: Calculated Static Heat Load Balance (in W) for
the Cryomodule
2K

Int.

Cold/Warm transitions
Supporting system
Tuning system
Radiation
Instrumentation
FPC
HOM/Pickup

0.1
2.1
1.4
3.3
2.4
5.3
5.5

28
21
15
16
8
72
15

Total static

20.1

175

EXPERIMENTAL MEASUREMENTS

Figure 1: DQW crab cavity cryomodule.

The cavities are placed in a cryomodule and are cooled
down to 2 K with superfluid helium. A secondary circuit
with helium gas at a temperature of 50 to 70 K is used to
cool down the cryomodule. To limit the heat loss to the 2 K
bath, and thus the consumption of superfluid helium,
several of the main components are connected to the
thermal shield, which is directly cooled with the secondary
circuit via copper braids that act as heat interceptors. This
connection was assumed to be at 80 K in the initial
estimation of the heat budget [3], which presented detailed
calculations to evaluate the thermal losses in the different
components of the cryomodule. The thermal losses in [3]
resulted in 16.8 W to the cold bath and 240 W to the
thermal shield. During the cool-down of the cryomodule at
___________________________________________
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The DQW cryomodule was cooled down at the end of
2017. Temperature probes were placed in specific points in
the cryomodule and its components. The locations of these
temperature probes comprise the helium vessel walls, the
two Cold-Warm Transitions (CWT1 and CWT2), the two
Fundamental Power Couplers (FPC1 and FPC2) and the
High Order Modes couplers (HOMs), including probes at
the thermal intercept level. Table 2 presents some relevant
temperature measurements for the calculations presented
in the current contribution. At the moment chosen for the
cavity static load heat balance calculation, the helium
vessel was operated at 2 K, whereas the thermal screen
presented a temperature of around 70 K.
Table 2: Relevant Temperature Measurements for the
Calculations. Values in Bold are Measured at the Thermal
Intercept Level
Component/Location

T [K]

Cavity
CWT1-CWT2
FPC1-FPC2
HOM1

2.2
70.4-77
12/56.4/92.9 – 62.5
108.3/120.3/191.7
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Abstract
In view of the High-Luminosity upgrade of the Large
Hadron Collider (LHC) collimation system, a family of
novel molybdenum-carbide graphite (MoGr) composites
was developed to meet the challenging requirements of
HL-LHC beam-halo collimation, in particular the electrical
conductivity and thermo-mechanical performances. The
Ultra-High Vacuum (UHV) behaviour of this material was
extensively characterized to assess its compatibility with
the accelerator’s specifications. The results presented in
this paper correlate the outgassing behaviour with the
microscopic features of MoGr compared to other graphitebased materials. Residual gas analysis (RGA) was
exploited to optimize post-production treatments.

INTRODUCTION AND VACUUM
REQUIREMENTS FOR LHC
COLLIMATORS

In the High-Luminosity upgrade of the Large Hadron
Collider (HL-LHC), the energy stored in the beam will
increase by a factor of two with respect to the LHC: the
absorber materials in the collimation system must maintain
their structural robustness in case of accidental impacts,
while minimizing the perturbation to the beam induced by
RF impedance [1]. As a result of an intense R&D program,
MoGr was identified as the optimal composite material to
meet both thermo-mechanical and electrical requirements
for the primary and secondary collimators [2]: MoGr, in
fact, exceeds the electrical conductivity of isotropic
graphite by one order of magnitude, while keeping
comparable thermo-mechanical performances. The
behaviour of this composite material has been structurally
assessed under intense proton beam impacts [3], [4]. A
prototype collimator with MoGr blocks is presently
installed in the LHC. Additionally, the MoGr surface can
be coated with pure molybdenum, further increasing
surface conductivity by a factor of 20.
A challenge for the collimation system is that its
materials must fulfil the UHV requirements of the collider.
An adequate vacuum level limits the scattering of the
protons against the residual gases and guarantees a longer
beam lifetime. Collimators in the LHC must respect a limit
for total outgassing of 2·10-7 mbar·l·s-1, which is related to
the maximum acceptable pressure to guarantee 100 h beam
___________________________________________
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lifetime [5]. Deducting the outgassing of the stainless steel
vacuum tank and of the metallic components of the
collimator jaws containing the MoGr blocks, the maximum
tolerated outgassing for the absorber material is
5·10-8 mbar·l·s-1. The nuclear scattering cross-section of
the proton beam with the gas particles depends on their
atomic number, as shown in Table 1 [6]. For this reason,
additional UHV requirements are also imposed on the
residual gas composition.
Table 1: Expected Proton-Nucleus Cross-Section at LHC
for Some Gases
Gases
H2
He
CH4
H2O
CO
CO2

Cross-Section
(mb)
94
130
568
554
840
1300

For a metallic component after bake-out, the dominant
outgassing species is H2; therefore, the RGA and the UHV
acceptance limits for molecular mass are usually
normalized to this gas, as shown in Figure 1.

Figure 1: RGA analysis typical of a metallic component
(blue) and the LHC acceptance limits (red).
Finally, it is important to note that collimators are
installed in the Long Straight Section (LSS) of the LHC,
where the neighbouring beam pipes are coated with
Non-Evaporable Getters (NEG) to increase the pumping
speed of H2, CO, CO2, H2O, N2 and O2 [7], and decrease the
secondary electron yield of the walls. Except for H2, the
NEG coating can rapidly saturate in case of high absorption
of the other species. For this reason, the air flow degassed
by a component must be under tight control: the acceptance
limit for the so-called virtual leak of a collimator is
5.0∙10-9 mbar·l·s-1. This value corresponds to the saturation
of one meter of NEG-coated beam pipe in 150 days.
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DUST ANALYSIS FROM LHC VACUUM SYSTEM TO IDENTIFY THE
SOURCE OF MACRO PARTICLE-BEAM-INTERACTIONS
L.K. Grob1 ∗ , C. Neves2 , A. Apollonio, J. Descarraga Busom, C. Charvet, A.T. Perez Fontenla,
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1 also at TU Darmstadt, Germany
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Abstract

Since in 2010 the ﬁrst sub-millisecond beam losses were
observed at varying locations all along the LHC, it is well
known that dust can interact with high-intensity proton
beams and cause signiﬁcant beam losses. Initially the sudden localized losses were enigmatic and coined the phrase
“unidentiﬁed falling objects” (UFOs), which is still widely
used. These very fast beam losses have resulted in hundreds
of premature beam dumps and even magnet quenches since
the start of LHC. So far, the only mitigation strategy involved
an optimization of dump thresholds and the beneﬁcial conditioning eﬀect which leads to a reduction of the UFO rate
over time. To understand the physics involved in these events
and to allow an active diminution, it is essential to know the
chemical composition and the size of the dust particulates interacting with the protons. The exchange of a dipole magnet
oﬀered the unique opportunity to collect dust samples from
inside the LHC vacuum system. They were extracted from
the various components and analyzed by scanning electron
microscopy and energy-dispersive X-ray spectroscopy to
reveal size distribution and abundant elements. The results
of this investigation will optimize the existing UFO models
and the improved understanding of the phenomenon may
help to prevent future performance limitations. This is also
of relevance for future projects, in particular for the Future
Circular Collider (FCC) under study.

INTRODUCTION TO MACRO
PARTICLE-BEAM-INTERACTIONS

Two types of macro-particle interactions with the LHC
proton beams were observed. The most common interaction
happens when a solid macro-particle (between 1 and 100 μm
in radius) gets into the proton beam. This leads to elastic and
inelastic scattering, ionization and ﬁnally to the ejection of
the macro-particle from the beam [1, 2]. The corresponding
beam losses can exceed the beam dump thresholds and even
cause magnet quenches. A second type of macro-particle
beam interactions was identiﬁed in 2017, when frozen gas
caused localized beam losses in one location (16L2), which
were accompanied by a rapidly developing beam instability
[3–6]. The source is believed to be successfully removed.
This is not the case for the ﬁrst and most common type
of UFO events. The hypothesis of solid macro-particles
interacting with the high intensity proton beam was already
conﬁrmed by the observations at an injection kicker magnet
ﬁndings [7]. The origin of the macro-particles in all other
parts of the LHC still lacks an explanation.
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Figure 1: The available UHV components included the plugin modules (PIMs), beam screen (BS) and cold bore (CB)
which are visible in the left part. Liquid-based particle extraction was used to prepare the samples suitable for electron
microscopy (middle and right part).

PROCEDURE OF DUST EXTRACTION
AND ANALYSIS
At the end of 2016, a dipole magnet was removed from the
LHC. This gave the opportunity to collect dust samples from
inside the LHC UHV system. By extracting and analysing
the particulate contamination, two crucial parameters can
be analysed, chemical composition and size distribution for
UFO modelling. This information can help to understand
the source of the contamination and prevent similar issues
in future accelerators such as FCC.
Before the mechanical removal of the dipole magnet, an
RF ball test [8] was performed to verify the absence of obstructions in the vacuum chamber. A parasitic dust collection was performed during this procedure (results see Fig.2).
Once the dipole magnet was removed, the open apertures
of the neighbouring magnets were accessible for a positionsensitive wipe test. Dust extraction from the dipole’s vacuum
components (four connecting plug-in modules (PIMs), two
beam screens (BS) and cold bores(CB)) required a more
complex sample preparation [9] as illustrated in Fig. 1.
The dust analysis was performed by a dedicated software
employing scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDX). A representative fraction of the collected dust was stamped onto a standardized
carbon sticker (see Fig.1), which can be directly analyzed
without additional treatment. To avoid conglomerates, the
surface coverage of the ﬁlter substrate was inspected for its
homogeneity by optical microscopy before the transfer.

Dust Collection with Vacuum Filter unit (VFU)
After warm-up of sector 12, an RF ball travels through the
vacuum chamber by an airﬂow transporting dust. A special
ﬁlter unit (VFU) was installed in front of the vacuum pumps.
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OPTIMIZATION OF THE ALBA LINAC OPERATION MODES∗
E. Marin† , D. Lanaia, R. Munoz
̃ Horta, F. Perez,
ALBA-CELLS Synchrotron, 08290 Cerdanyola del Valles, Spain

Abstract
ALBA is a third generation synchrotron light source that
consists on a linac, booster and storage ring. The linac is
capable of operating in single (SBM) and multi-bunch injection mode (MBM). Since 2016 the Single Bunch Bucket
Selection algorithm which runs in SBM, permits to inject
on a selected bucket keeping the charge uniformity along
the ring below 4%. However when running in SBM a significantly lower transmission along the linac is observed, with
respect to the one when running in MBM. Simulation efforts
have been deployed in order to build up a reliable model
of the ALBA linac which can reproduce the experimental
measurements. In this paper we present the new simulation
model that renders the experimental observations, and the
new optimization procedure developed in simulations and
tested in the real machine.

INTRODUCTION

ALBA is the Spanish synchrotron facility working at
3 GeV since May 2012 [1]. The storage ring is fed by the
booster which increases the electron beam energy delivered
by the ALBA linac from 100 MeV while minimizing its
emittance. The linac is responsible to efficiently bunch,
focus and accelerate the 𝑒-bunch emitted by the gun. The
linac subsystems are listed below:
• A 90 kV triode gun which derives from a Pierce gun
diode geometry.
• Four short solenoid lenses between the gun and the
Buncher, namely SL1, SL2, SL3 and SL4.
• A pre-bunching cavity (PB 500) at a sub harmonic
frequency of 499.654 MHz.
• A second pre-bunching cavity (PB) at 2997.924 MHz.
• A standing wave cavity (Buncher) plus 2 focusing coils.
• A focusing lens (Glazer).
• Two traveling wave accelerating structures at
2997.924 MHz, namely S1 and S2.
• A triplet between the two accelerating structures.

Figure 1 shows a schematic layout of the ALBA linac. In addition, there are several orbit correctors distributed along the
beamline in order to compensate for machine imperfections.
Each of the solenoid lenses has a horizontal and vertical corrector in addition to the main focusing coil. Regarding the
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ALBA linac beam diagnostics [3], there are 6 Fast Current
Transformers (FCT) throughout the beamline. At the end of
the linac there are 1 beam charge monitor (BCM), 1 Beam
Position Monitor (BPM) and 1 screen monitor.
The bunch per charge when operating in single bunch
mode (SBM) is typically 0.25 nC while in multi-bunch mode
(MBM) varies from 0.001 up to 0.2 nC [2]. The delivered
energy spread is ≤ 0.5 % and the normalized transverse
emittance is ≤ 30𝜋 mm mrad. Additional specifications of
the ALBA linac can be found at [4].

MOTIVATION
Although the ALBA linac routinely operates within the
specifications mentioned above, the measured beam transmission along the beamline in SBM is significantly lower
than the one in MBM. Table 1 shows a typical example of
beam current measurement by the FCTs and the corresponding transmission factor (between FCT1 and FCT4) for both
modes. The FCT1 is located right after the gun while FCT4
is placed after the Buncher, as shown by Fig. 2. The bunch
charge of the measurements presented in Table 1 (SBM) is
0.1 nC, about half of the charge measured at FCT1 (0.18 nC).
The measured 50 % transmission in SBM contrasts to the
≈ 90 % obtained in MBM.
Table 1: Induced voltage filtered at 30 MHz at the FCTs and
the associated transmission, between FCT1 and FCT4, of
both operation modes. Measurements taken on February 4th
2019.
Mode

FCT1
[mV]

FCT2
[mV]

FCT3
[mV]

FCT4
[mV]

Trans.
[%]

MBM
SBM

14.5
50.0

13.0
50.0

12.9
34.0

12.8
26.5

88
53

The FCT readings show that the beam losses occur along
the bunching section where the beam is not yet relativistic
(𝛽 ≤ 0.3) and therefore sensitive to space charge effects.
This indicates that either the focusing elements, namely SL1,
SL2, SL3 and SL4 or the amplitude of the bunching elements, namely PB 500, PB and Buncher, are not optimal to
compensate for the increased space charge forces at higher
bunch charges, leading to a linac performance in SBM less
efficient. The situation in MBM is typically better with
charges at the end of the linac ≥ 90 % of the initial charge.
In the following we describe the simulation efforts intended to reproduce the observed measurements when running the linac in SBM and MBM. We present a simulation
tuning procedure that optimizes the linac settings in order
to minimize the beam losses. Finally the implementation
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Abstract

Linac4, a 160 MeV, 352.2 MHz linear accelerator, has
been fully commissioned and will take its place as injector
to the CERN chain of accelerators during the long shutdown
(LS2) in 2019-2020. In the past year, it has been providing
beam during a test run to assess its reliability in view of
the connection to the LHC proton injector chain. A target
reliability of more than 90 % has been demonstrated during
the accumulated nine months of run in 2017 and 2018.
The beam quality at 160 MeV is suitable for producing all
beams for the CERN physics program of today. Nevertheless,
the limited peak current of 30 mA might be a limitation for
future high intensity programs. The bottleneck has been
identified at the low energy end of the accelerator.
Meanwhile, beam extraction and low-energy beam transport studies are ongoing at a dedicated test stand with the
goal to reach beam currents from the pre-injector up to
45 mA. We will present the status of the extraction modelling and possible solutions to reach higher beam currents
from the RFQ along with results from the reliability run.

RELIABILITY AND BEAM QUALITY RUN

Linac4 was fully commissioned to 160 MeV in autumn
2016 with 60 % of the nominal current on the dump at the
end of the linac [1]. The years 2017 and 2018 were dedicated
to achieving the beam quality and reliability necessary for
injection into the Proton Synchrotron Booster (PSB). The
criteria were set such that the PSB will be able to provide
its complete set of beams with pre-LS2 as well as the LIU
target parameters. The two most extreme examples are the
brightest beam namely 3.4 × 1012 protons per ring in an
emittance of 1.7 µm and the highest intensity beam namely
9 × 1012 protons per ring in an emittance of 8 µm.
A peak current of 20 mA at the PSB, combined with an
increase of the number of the injection turns to the maximum
(150 turns per ring) is sufficient to achieve enough intensity
to produce the mentioned beams [2] provided that the beam
quality requirements given in Tab. 1 are met. The requested
target reliability for the linac is more than 95 % [3], a very
challenging value to meet for a brand-new accelerator.
The linac ran in its almost final configuration for a total of
8 months between 2017 and 2018. Important data has been
gathered concerning its reliability, its weak points and the
beam quality [3, 4]. The most important achievement of the
last run in 2018 was an overall availability of 94.1 % over
10 weeks. The peak beam current at the end of the Linac4
∗
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was routinely 25 mA which allows for 20 % losses in the
transfer and capture into the PSB. The beam pulse flatness
was achieved by using the chopper (at 3 MeV) to cut the
rising edge of the beam, necessary due to the onset of space
charge compensation after pre-chopping. This results in the
need of a 850 µs beam from the source for a 600 µs beam at
3 MeV, achievable with the present source and RFQ.
The transmission from 3 MeV to 160 MeV is approaching
100 % with a beam of 25 mA, whereas the transmission of
the pre-injector is 70 % to 80 % at best.

ION SOURCE EXTRACTION STUDIES
During 2017 and 2018, the extraction system of the ion
source was investigated on the Linac4 test stand as a possible
origin of the pre-injector performance limitation. This test
stand is a copy of the Linac4 low-energy beam transport line
with added diagnostics: the pre-chopper hardware between
the two solenoids is replaced by a slit-grid emittance meter.
Detailed information on the layout is given in [5].
Figure 1 shows the extraction system of the Linac4 ion
source as modeled using IBsimu [6]. The beam is extracted
through a bore, 6.5 mm in diameter, by the electric field
generated by a dual-function puller-dump electrode. Any coextracted electrons are deflected into a cup by the magnetic
field produced by two permanent magnets housed within this
electrode. The beam is then accelerated to its final energy
of 45 keV. An einzel lens additionally focuses the beam to
transport it to the first solenoid downstream. More informaTable 1: Target Beam Quality at the PSB Injection
Parameter

Target value

Intensity flatness along the pulse for
pulse lengths < 180 µs
Intensity flatness along the pulse for
pulse lengths > 180 µs
Horizontal/vertical position variation along the pulse
Horizontal/vertical injection angle
error along the pulse
Shot-by-shot current stability
Transverse norm. rms emittances
Beam energy
Pulse to pulse energy spread
Nominal chopper operation
Energy painting

±2 %
±5 %
±1 mm
±0.4 mrad
±2 %
< 0.4 mm mrad
160 MeV
80 keV to 600 keV
65 % at 1 MHz
±0.8 MeV
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FOR THE FCC e+ e− INJECTOR
O. Etisken∗† , Y. Papaphilippou, F. Antoniou, T. Tydecks, CERN, Geneva, Switzerland
A.K.Ciftci, Izmir University of Economics, Izmir, Turkey

Abstract

The Future Circular e+ e− Collider (FCC-e+ e− ) injector
complex needs to produce and to transport a high-intensity
e+ e− beam at a fast repetition rate for topping up the collider at its collision energy. Two different options are under
consideration as pre-accelerator before the bunches are transferred to the high-energy booster: using the existing SPS
and designing a completely new ring. The purpose of this
paper is to explore the needs and parameters of the existing
SPS, to investigate wiggler magnet options for SPS, and
provide an updated study of alternative accelerator ring design with injection and extraction energies of 6 and 20 GeV,
respectively. In this study, the parameters of both choices
are established, including the optics design, layout update
and considerations for non-linear dynamics optimization.

INTRODUCTION

FCC-e+ e− , a high-luminosity e+ e− circular collider of
around 100 km, is under design. The injector complex of
the FCC-e+ e− consists of an e+ e− linac, up to 6 GeV energy,
a pre-booster synchrotron ring (PBR), accelerating from 6
to 20 GeV, and a full energy booster synchrotron ring (BR),
integrated in the collider tunnel [1]. A schematic layout of
the injector complex can be seen in Figure 1.

†

requirements, a "green field" alternative PBR design was
also proposed [2, 3].
The PBR needs to accept the beam from the linac [4]
and increase the energy up to 20 GeV. The required beam
characteristics, defined by the BR [5] and the linac, are
summarized in Table 1.
In this paper, optics design considerations and limitations
are presented for both options.

ALTERNATIVE PRE-BOOSTER
RING DESIGN
Optics Design and Layout
The alternative design of the PBR composes of 4 arcs
and 4 straight sections [6]. Each arc consists of 35 FODO
cells while the straight sections consist of 5 FODO cells
each, with adequately allocated space for the RF, damping
wigglers, injection and extraction elements.
Minimum emittance is ensured by choosing the phase
advance of a FODO in the arc. The optimum phase advance
of a cell in the arc is chosen to be (µx ,µy )=(0.383, 0.11) in
order to achieve the required 5 nm.rad emittance at extraction.
The phase advance of a FODO in the straight section is tuned
for the working point optimization.

Damping Wiggler Magnets
Figure 1: Layout of the FCC-e+ e− injector complex [1].

Currently, the existing SPS is considered as the baseline
for the PBR. However, since there could be limitations such
as machine availability, synchrotron radiation and RF system
∗

Table 1: Design Requirements for the PBR
Parameter
Injection Extraction
Energy [GeV]
6
20
Damping time (hor.) [s]
0.1
Emittance (hor.) [nm.rad]
5
Energy loss per turn [MeV]
50
Energy acceptance [%]
1.5
Dynamic aperture (hor.) [mm]
7
Energy spread [%]
0.3
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The PBR needs to accept the beam from the linac and
dump it to the equilibrium state, in less than half of a second,
otherwise it will lengthen the PBR injection flat bottom and
thus the whole injector cycle. In this respect, damping wiggler (DW) magnets are proposed for achieving the desired
damping time. The damping time of the PBR is reduced to
0.1 s from 0.26 s with a wiggler peak field of 1.3 T and a
total wiggler length of 16.2 m. Two DW magnets per cell
are installed in each straight section.
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Abstract

This paper describes the concept of a primary electron
beam facility at CERN, to be used for dark gauge force and
light dark matter searches. The electron beam is produced
in three stages: A Linac accelerates electrons from a photocathode up to 3.5 GeV. This beam is injected into the Super
Proton Synchrotron, SPS, and accelerated up to a maximum
energy of 16 GeV. Finally, the accelerated beam is slowly
extracted to an experiment, possibly followed by a fast dump
of the remaining electrons to another beamline. The beam
parameters are optimized using the requirements of the Light
Dark Matter eXperiment (LDMX) as benchmark.

INTRODUCTION

The main accelerator components, shown schematically in
Fig. 1, are described in this paper.

ELECTRON LINAC
The linac consists of two parts; the injector which produces the electron bunches with the required time structure,
emittance and charge, and the X-band linac which accelerates them at high-gradient from 150 MeV at the injector
output to 3.5 GeV. The beam consists of 40 bunches per pulse
with a separation of 5 ns. The bunch spacing corresponds to
the RF bucket spacing of the 200 MHz SPS RF system and
the number of bunches to the optimized linac pulse length. A
100 Hz linac repetition rate means that the SPS can be filled
with 3000 bunches, the maximum given the circumference
of the ring and the injection kicker considered, within 1 s.
Table 1: Beam Parameters at the End of the CLEAR Injector

Figure 1: Schematic of the primary electron beam facility.

The requirement for a very long spill of low intensity GeV
electrons feeding an experiment like the Light Dark Matter eXperiment [1] for light dark matter searches has motivated a recent proposal for providing this beam at CERN [2],
through the Super Proton Synchrotron (SPS). The SPS was
used as the injector to the Large Electron–Positron collider
(LEP) [3], accelerating electrons and positrons from 3.5 GeV
to 22 GeV, although most of the associated equipment has
now been dismantled. It has been also recently proposed as
a pre-injector for FCCee [4, 5]. A 3.5 GeV compact highgradient linac based on Compact LInear Collider (CLIC) [6]
technology would be injecting pulses of 200 ns duration into
the SPS, filling the ring at 100 Hz on a 700 msec duration
plateau. The beam would then be accelerated to 16 GeV,
limited by the voltage from 12 Radio Frequency (RF) cavities still available from the LEP days (or a new RF system),
which would have to be reinstalled. The electrons would
then be resonantly extracted on a 10 s flat top, inside a typical
SPS supercycle (e.g. of 32 s). The extracted beam would be
transported along a beamline to an experimental area. A fast
extraction from the machine in one revolution (23 µs) is also
considered, to feed a possible beam dump type experiment.
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Parameter [unit]

CLEAR range / LDMX

Energy [MeV]
Bunch charge [nC]
Norm. emittance [µm]

50 to 220 / 150
0.001 to 1.5 / 0.016
∼3 for 0.05 nC/bunch / 3
∼20 for 0.4 nC/bunch
0.3 to 1.2 / 0.8
below 0.2 / 0.1
1 to 200 / 40
multiple of 0.75 / 5

Bunch length rms [mm]
Energy spread rms [%]
Number of bunches
Micro-bunch spacing [ns]

The CERN Linear Electron Accelerator for Research
(CLEAR) injector operating at CERN can be used basically
unchanged to produce the electron beam with the specifications required for the LDMX and beam dump experiments,
as well as for many other potential applications [7]. The
range of beam parameters which can be obtained at the end
of the CLEAR injector are summarised in Table 1. Whereas
in the injector the S-band (3 GHz) RF structures are used
at a relatively low accelerating gradient of about 15 MV/m
in order to obtain the desired beam parameters, high gradient X-band (12 GHz) RF accelerating structures are used
in the linac in order to make it compact and accelerate the
beam from 0.15 GeV up to 3.5 GeV within 70 m. A high
gradient is required due to limited space in the Transfer
Tunnel 4 and 5 (TT4 and TT5) area. (see Fig. 1) The Xband high gradient RF technology has been developed in
the framework of the CLIC study and now is being widely
adopted. For the klystron based option of the first stage of
CLIC at 380 GeV, an average loaded acceleration gradient
of 75 MeV/m (95 MeV/m unloaded) has been chosen as
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luminosity are increased. In addition, the LHC's
Abstract

The High Luminosity LHC project (HL-LHC) foresees
the construction and installation of important new
equipment to increase the performance of the LHC
machine. The Hollow Electron Lens (HEL) is a promising
system to control the beam halo. It improves the beam
collimation system of the HL-LHC and mitigates possible
equipment damage in case of failure scenarios from halo
losses. The halo can store up to 30 MJ energy. The
specifications for this new device are quite demanding. The
source, an electron gun with an annular shaped cathode,
has to deliver a current up to 5 A. This is five times higher
than the current in the existing electron lenses in Fermi and
Brookhaven national laboratories. This note describes the
programme carried out to design and test high-perveance
guns equipped with two types of high-performance
scandate cathodes. The size of the final gun is now
considerably smaller than the one of the first prototype,
allowing a reduction of diameter and cost of the
superconducting magnet system used to steer the electron
beam. The tests carried out at FNAL, BVERI and BJUT
demonstrated that the developed cathodes fulfil the
specifications and can supply a 5 A fully Space Charge
Limited (SCL) current.

superconducting environment demands an efficient beamloss cleaning to avoid magnet quenches from uncontrolled
losses. The protection of the accelerator equipment from
the consequences of uncontrolled release of energy is
therefore essential.
The circulating proton beams are made of 25-ns-spaced
proton bunches. The cross section of a bunch has a highly
populated central part called core and a periphery part
named halo. Since the beam losses directly depend on the
beam-halo behaviour, great attention must be paid to its
formation, growth and interaction with the beam core.
The collimation system has the primary role to clean
away the beam halo and to maintain losses at sensitive
locations below safe limits. Collimators are also used to
minimize background in the experiments.

INTRODUCTION: HOLLOW ELECTRON
LENSES FOR HL-LHC
Figure 1: HEL layout. In yellow the electron ring path, in
red the HL-LHC protons path.
Hollow electron lenses (HEL) are a promising method to
improve the beam collimation system. HEL are expected
to boost the performance of the LHC and of its HighLuminosity upgrade, through active control of halo
particles’ diffusion speed and tail population [3]. Figure 1
shows the layout of the HL-LHC HEL. In the HEL a lowenergy, high-current hollow electron beam runs co-axially
with the circulating hadron beam, over about three meters
[4]. The electron beam acts on the halo particles at large
transverse amplitudes from 3σ to 6σ (σ = 0.27 mm) without
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The Large Hadron Collider (LHC), at CERN, is the
largest and most powerful accelerator for high-energy
physics [1]. This machine upgrade, the High Luminosity
LHC (HL-LHC), will operate with extremely high beam
power. The nominal stored beam energy will be 675 MJ,
almost double with respect to the LHC design (nominal
362 MJ) [2].
In a particle accelerator, as the LHC, a number of
processes may lead to beam losses. The manipulations
needed to prepare the beams for collision and the collisions
for physics entail unavoidable beam losses, which
generally become greater as the beam current and the
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Abstract

In the framework of the LHC Injectors Upgrade project
the improvements required to achieve the parameters of the
future beams for the High-Luminosity LHC are being studied
and implemented. In order to deliver high brightness beams,
control over the beam intensity and emittance is fundamental. Therefore, a highly accurate and reliable transverse
emittance measurement is essential. Presently at the CERN
Proton Synchrotron, the only operationally available emittance monitors not impacting the facility beam production
are the flying wire scanners used to measure the circulating
beam profile. The wire scanners will be replaced with a new
generation in the next two years and a prototype is already
installed. The prototype has been commissioned with beams
featuring a wide range of intensities and emittances. This
paper evaluates the performance of the prototype with respect to the present system via beam-based measurements.
The transverse emittance measurement is discussed, considering the different potential error contributions to the
measurement, such as knowledge of the machine optics and
the dispersive contribution to the beam size.

INTRODUCTION

The High Luminosity LHC (HL-LHC) [1] requires beam
parameters that are beyond the present CERN injector chain
production capabilities. In order to cope with this requirement, the present LHC injector chain is undergoing a substantial upgrade in the framework of the LHC Injectors Upgrade
(LIU) project [2]. These upgrades will reshape drastically
the lower energy part of the acceleration chain, with the goal
of doubling the beam brightness. The achieved and target
beam parameters are reported in Table 1. The intensity N
will be doubled and the normalised transverse emittances
ϵx,y retained at the present values. The brightness increase
will be realised by increasing the injection energy to the Proton Synchrotron (PS), from 1.4 to 2 GeV, whilst increasing
the longitudinal emittance ϵz and consequently the momentum spread δp/p0 in order to limit the Laslett maximum
space charge tune shift ∆Q x,y .
In order to deliver the required high beam brightness, a
very tight transverse emittance blow up budget of only 5%
will be tolerated from the PS Booster (PSB) extraction to the
PS extraction [2]. Consequently, a very precise and accurate
∗
†
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measurement of the transverse emittance becomes essential
along the whole accelerator complex. This is particularly
challenging in the horizontal plane, where the beam profile is modified due to the dispersion and the momentum
spread. The increased momentum spread after the upgrade
will worsen this effect. A number of studies have been conducted in the PS [3, 4] and in the PSB [5, 6] in the past
years. Recently, a transverse emittance blow up in the transfer between the PSB and the PS has been measured and
investigated [7]. This can be partially attributed to the existing dispersion mismatch at PS injection due to the design
of the existing transfer line, which will be modified as part
of the LIU project upgrade [8]. In this perspective, a reliable transverse emittance measurement is essential in both
accelerators.
In the PS, the transverse emittance can be monitored by
means of the wire scanner (WS) system [9] without disrupting the normal operation of the machine. Presently, three
horizontal scanners (one of which is a prototype of the new
generation [10]) and two vertical scanners are installed. The
machine is also equipped with three Secondary Emission
Monitors (SEMs) grids to sample the first few tens of turns
of the injected beam [11] and scintillating screens in the
extraction septa used mostly for steering [12].
The LHC physics programme is carried out using two
different beam production schemes: the ’standard’ 25 ns
spacing scheme and the Bunch Compression Merging Splitting (BCMS) scheme. These constitute the two baseline
beams that are foreseen to be used after LIU completion.
The BCMS scheme was primarily used during the physics
runs as it allows for a higher luminosity in the LHC with
respect to the traditional scheme [13]. For this reason, this
work concentrates on BCMS beams.

LIU WIRE SCANNER SYSTEM
A new generation of rotational beam wire scanners has
been developed as part of the LIU project. They will replace
all the current generation wire scanners [14] by the restart
of the accelerator complex in 2020. The limited resolution
of the wire position reading, mechanical vibrations, limited
resolution of the secondary acquisition system and aging of
the components constitute the main limitations of the present
WS system. During the 2018 run, a prototype of the new
generation wire scanner has been extensively tested in the
PS and some of the results are presented here.
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PROTON SYNCHROTRON BOOSTER CYCLE DURING WIRE SCANNER
OPERATION
A. Santamaría García∗ , F. Antoniou, H. Bartosik, J. A. Briz Monago, G. P. Di Giovanni,
A. Guerrero Ollacarizqueta, J. R. Hunt, B. Mikulec, F. Roncarolo, E. Senes, V. Vlachoudis
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Abstract
Transverse emittance measurements with wire scanners
have been extensively studied across the accelerator complex
at CERN due to their important role in characterizing the
beams and their complicated modelling. In recent years, this
topic has been of particular interest for the LHC Injectors
Upgrade (LIU) project, where a tight transverse emittance
blow-up budget between the Proton Synchrotron Booster
(PSB) and the Proton Synchrotron (PS) is imposed to ensure
the required beam brightness for the High Luminosity LHC
(HL-LHC). In order to maintain a high brightness beam, any
source of emittance blow-up along the PSB cycle needs to
be identified and mitigated. While wire scanners have been
mostly used at extraction energy in the PSB, they can also
operate along the energy cycle. The scattering of the protons with the wire increases considerably at lower energies,
leading to an overestimation of the beam emittance. In this
proceeding we present the most recent studies, focusing on
precisely quantifying the blow-up created by the flying wire
with measurements in an optimized set-up and compared to
FLUKA simulations.

INTRODUCTION

The HL-LHC project aims at a tenfold increase in annual
recorded luminosity, which will be achieved by reducing
the beta function at the interaction points and increasing
the beam brightness delivered by the injectors, among other
strategies [1,2]. Peak luminosity and brightness are inversely
proportional to the beam emittance, which ideally needs to
be preserved during the acceleration process across injectors
to ensure maximal luminosity at the LHC. In this context the
identification of unexpected sources of emittance blow-up
becomes an important part of the PSB operation, given that
it is the first accelerator of the injector chain and it is where
the brightness of the LHC beams is defined. Wire scanners
are the only instrumentation available in the PSB rings that
can be used to measure the beam emittance. They consist of
a thin wire that crosses the beam during several turns, creating a shower of secondary particles that is later detected
and transformed to a signal proportional to the number of
particles intercepted by the wire. The elastic scattering of
the protons at the wire is non negligible at low energies and
(or) long lasting scans, such as at the PSB injection kinetic
energy (50 MeV), and results in an emittance growth that
biases the measurement. In order to be able to accurately
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predict the emittance blow-up caused by the measurement
itself multi-turn FLUKA simulations were started in recent
years [3]. This study presents the latest results concerning
this effort, such as the successful reproduction of the observed asymmetric profiles, emittance measurements at two
different wire speeds, and a discussion on the type of data
analysis performed.

EMITTANCE MEASUREMENTS AND
REPRODUCTION WITH FLUKA
Measurement Set-Up
The operational Batch Compression Merging and Splitting (BCMS) beam type [4] for LHC in 2018 was used to
carry out the emittance measurements in Ring 3, where the
vertical shaving was removed. The tune was set to be constant along the cycle and the beta function was obtained from
the optics model matched for that particular tune. These
measurements were performed only in the vertical plane
in order to remove systematic errors from the dispersive
contribution [3]. The average speed of the different wire
scans was obtained from the recorded and linearised wire
position, which were found to be lower than the specified
ones (8.8 m/s for the expected 10 m/s scans and 13 m/s for
the expected 15 m/s scans).

Multi-Turn FLUKA Simulations
The Monte Carlo code FLUKA [5, 6] was used to simulate
the interaction of the proton beam with the wire. The simulated wire was a mono strand type, i.e. of cylindrical shape,
with 33 µm of diameter and made of graphite with a density
of 1.8 g/cm3 . Due to the thinness of the wire the scattering
is very localized. To account for this, FLUKA’s single scattering option was enabled in the simulations to replace the
multiple Coulomb scattering approximation. Interactions
with the wire are then integrated analytically without approximations, with corrections for nuclear and spin-relative
effects. A wire scan takes place during several passages
of the beam through the wire, so the recently developed
multi-turn approach in FLUKA [3, 7] was used.

Data Analysis Considerations
In order to test the accuracy of the fits to the beam profiles
we took advantage of the fact that the position of all the particles in phase space are known in the FLUKA simulation. This
allows to calculate the Root Mean Square (RMS) emittance
statistically [8] and to compare it to a Gaussian fit. Figure 1
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Abstract
For the first time, the optics of the CERN Proton Synchrotron (PS) was measured using turn-by-turn BPM data of
forced betatron oscillations excited with an AC dipole. We
report results of phase advance and beta-beating measurements. Linear coupling was globally minimised along the
machine by measuring and correcting coupling resonance
driving terms. Finally, non-linear properties of the ring were
probed looking at third- and fourth-order resonance driving
terms and amplitude detuning.

INTRODUCTION

Even though the CERN Proton Synchrotron serves beams
since 1959 [1] several beam dynamics aspects need further
investigations. In this paper we report on a detailed opticsmeasurement campaign that was carried out in 2018, with
the goal of understanding machine reproducibility, dynamic
effects during the collapse of the injection bump and at the
start of acceleration, as well as non-linear effects in the
beam dynamics. A first study was carried out in 2012 [2]
and focused only on the determination of the typical beta
beating and resonant driving terms using a transverse kicker
to excite the beam.
The algorithms and tools implemented for the LHC beam
commissioning [3–9] showed their power in action [10–13].
Recently, these tools have been adapted for use for the CERN
Proton Synchrotron (PS) and Proton Synchrotron Booster
(PSB) such that turn-by-turn BPM data can be analysed in
an automatised manner [3–9].
Betatron oscillations need to be excited in both transverse
planes. The most common mean of bunch excitation is a
kicker magnet, however, only horizontal kickers are available in the PS ring as the vertical one was decommissioned
several years ago. Another option is use of injection oscillations that work for both planes, but this limits the studies to
a short lapse of time at the very beginning of a cycle. Alternatively, an AC dipole (ACD) can be used, which excites the
beam continuously with a frequency close to the tune. The
PS transverse feedback (TFB) system was equipped with
two dedicated waveform generators to implement ACD so
that studies could be carried out at any time along a cycle.
Only 50% to 70% of the maximum TFB strength could
be used for the measurements due to a too strong distortion
of the waveform at larger amplitudes. The distance of the
ACD frequency from the betatron tune has impact on the
oscillations’ amplitude and, in case of tune drifts, the oscillation is not constant, eventually leading to beam losses
and reduced measurement accuracy. At injection (1.4 GeV
kinetic energy) the best accuracy was found for a distance of
4 × 10−3 in tune units, which provides betatron oscillations
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of approximately 1 mm. This is fully sufficient for linear
optics measurements, but not enough to measure sextupolar
or octupolar Resonant Driving Terms (RDTs). For higher energies, the kick strength proportionally decreases, however,
the PS tune stability improves such that the distance between
ACD and tune frequencies can be smaller (1 × 10−3 ) and
again, oscillations with 1 mm amplitude can be achieved.
Each measurement was repeated for 10 to 20 times to
provide a reliable estimate of the reproducibility. Amplitude
and phase of each spectral line is obtained as an average of
individual values and uncertainties are defined as the r.m.s.
value. These errors are then propagated when calculating
the optical functions, including also systematic errors due,
e.g. to the uncertainty of the transfer matrix in between the
BPMs. The details of the algorithms and of the computational procedures are described in [3–9].
Various PS ring configurations with different beam conditions were measured during the campaign. In most of the
cases presented in this paper, a single bunch with intensity
in range 15 − 25 × 1010 protons per bunch (ppb) was used.
The harmonic number was 8 or 9, except for Multi Turn
Extraction (MTE) cycle which had all 16 buckets filled and
the intensity was 7 × 1010 ppb.
For turn-by-turn analysis, it is most convenient to define
the beginning of the PS lattice at the first BPM after injection.
Therefore in all plots the starting point of the PS ring is the
BPM in straight section 43.

LINEAR OPTICS
Various types of beams, produced with different PS configurations, were measured and for most of the cases the
resolution of phase advance between BPM pairs was below
5 × 10−4 2π or 3 × 10−4 2π for the horizontal or vertical
plane, respectively. Beta functions were reconstructed with
a relative accuracy below 0.25% and 0.15%, respectively.
A small beta beating was confirmed [2] with the maximum
peak value reaching 7%, while for most of the PS configurations it is below 3%. Comparison with K-modulation
was also performed and a good agreement between the two
techniques was found. The measurements determined the
optical parameters at the location of the wire scanners to improve the accuracy of the emittance determination and they
provided a verification of the calibration of the correction
quadrupoles.
Motivated by the qualitative observation of a tune change
as a function of the preceding cycle, the optics was measured
to understand quantitatively this effect. A dedicated cycle
with low chromaticity was setup to observe injection oscillations of 10 mm amplitude in both planes. This allowed
to probe 3rd and 4th order RDTs. Four cycles, immediately
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Abstract

Table 1: High-level Beam Parameters at IS and Target

The European Spallation Source (ESS), currently under
construction in Lund, Sweden, will be a spallation neutron
source driven by a proton linac of an unprecedented 5 MW
beam power. Such a high power requires its ion source
(IS) to produce proton beam pulses at 14 Hz with a high
peak current more than 62.5 mA and a long plateau up to
3 ms. The IS and the following low energy beam transport
(LEBT) section were manufactured and tested with beam to
meet ESS requirements at INFN-LNS and delivered to ESS
towards the end of 2017. Beam commissioning of these two
sections on the ESS site has started in September 2018 and
will continue until the end of June 2019. This paper provides
an overview on this first beam commissioning period at ESS
and also presents results of IS characterization and testing
on LEBT functionalities.

INTRODUCTION

The proton linac of the European Spallation Source (ESS)
has an unprecedented design beam power of 5 MW [1].
When the 5 MW beam is delivered to the target, the facility
provides the brightest neutron source in the world. Such a
high power requires production, efficient acceleration, and
almost no-loss transport of a high current beam, thus making
design and beam commissioning (BC) of this machine challenging. Table 1 summarizes high-level beam parameters of
the ESS linac at the ion source (IS) and target.
The IS and following low energy beam transport (LEBT)
were in-kind contributions from INFN-LNS and tested with
beam at their site (off-site BC) [2–5]. BC of these two sections on the ESS site, which is the first stage of several BC
stages [6–9], has started in September 2018 and continue
until the end of June 2019. This paper provides an overview
on statuses of the IS and LEBT systems during this BC and
also reports results from characterization and tuning of the
IS conducted at ESS. Results on characterization and tuning
of the LEBT are covered in [10]. The paper also covers
testing of the chopper system in the LEBT in the final part.

IS AND LEBT SYSTEMS AND STATUS

This section provides an overview on the IS and LEBT
systems and their statuses during this BC. The IS of ESS
∗

Parameter

Units

IS

Target

Average power
Kinetic energy
Peak current (proton)
Peak current (total)
Pulse length
Pulse repetition rate
Duty cycle

kW
MeV
mA
mA
ms
Hz
%

∼0.5
0.075
∼70
∼85
∼6
14
∼8

5000
2000
62.5
62.5
2.86
14
4

is a microwave discharge type, with the nominal extraction
voltage of 75 kV. This type of source is known to produce
a high current and high quality beam, and the off-site BC
demonstrated production of a high quality proton beam with
more than 70 mA out of the LEBT [3,4]. The confining field
of the plasma chamber is produced by three coils (Fig. 1),
and this provides great flexibility in turning. The three coils
are referred to as Coil 1, 2, and 3, counting from the extraction side, in the following. During the BC, the IS initially
suffered from grounding issues, which even caused damages
to some electronics inside the 75 kV platform. This required
consolidations against high-frequency discharges, in contrast to the situation of the off-site BC. Since completion of
the consolidations in January 2019, the IS has established
stable operation and provided as much as 174 hours of beam
time in April 2019.
A schematics of the LEBT is shown in Fig. 1. The main
components of the LEBT are two solenoids, which focus
the diverging beam out of the IS and match it to the following radio frequency quadrupole (RFQ). Each solenoid also
BCM
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(Dpl)
BIFM-H
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Figure 1: Left: Schematics of IS chamber and extraction
system. Right: Schematic of LEBT.
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A TOOLKIT FOR TRACING ELECTRON BEAM ENVELOPE AT LOW
ENERGY SECTION OF TPS LINAC
H. H. Chen, H. C. Chen, Y. K. Lin, K.-K. Lin , NSRRC, Hsinchu, Taiwan

Abstract
Based on calculated Bz of solenoids installed at the
TPS linac low energy section, the electron beam envelope
along beam centerline has been explored in this work
using the initial and boundary conditions provided in the
linac specifications. Concept of magnetic flux
compression is adopt to analyze the beam size variation
along linac centerline. The calculated result of selected
checkpoints has been experimentally verified using screen
monitors. In order to benefit tuning capability in routine
operation, the display of beam size variation along
centerline is integrated into the previously developed
toolkit ‘linac’. It is hope that it will provide an interactive
approach for linac tune-up process and would be helpful
to its routine operation.

INTRODUCTION

The efficiency of linear accelerator is known from
operation experience, that is, the survival rate of the
electron beam from the electron gun to the lineal
accelerator is closely related to the set value of the coil
current in the low energy section. In order to improve the
tuning capability of linear accelerator, it is an important
task to discuss the operation parameters and perform the
verification. By means of interactive software design and
verification, the motion of electron beam under different
magnetic field conditions is studied.
First, according to the coil magnetic field setting and
the initial conditions for the electron beam to leave the
electron gun, the transverse (perpendicular to the
centerline) beam size at the low energy section (<10
MeV) is simulated using the self-developed software.
Then the size of the electron beam is measured by several
screen monitors at specific positions, and the measured
data is verified by comparison with the simulation and
calculation results. The results show that the numerical
value of the software simulation is close to the actual
measured value, so the calculation function of the electron
beam size is integrated into the simulation program. The
physical principles used in the simulation calculation and
the various functions of the software toolkit are presented
in the report.

MAGNETIC FIELD DISTRIBUTION

In the low energy section, the electron beam moves
along the direction of the magnetic field, while the
transverse electron beam size is limited by the applied
magnetic flux compression. The adjustable knob of the
interactive software can provide the variation of the
centerline magnetic field, describe the size of the electron
beam in different centerline positions by the distribution
MOPTS104
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of the magnetic field, and make comparison with the
actual experimental observation.
The electron beam leaves the electron gun exit with an
energy of 90 KeV as shown in Figure 1. When passing
through prebuncher and final buncher, it obtains energy of
300 KeV and 3 MeV respectively, and then the electron
beam enters the first low energy section of the linear
accelerator. The electron beam energy is less than 10
MeV in the section and it is about 1/5 of the length of the
front end of the first acceleration tube. The electron beam
energy has reached 10 MeV and it is no longer necessary
to use the focus coil magnetic field.
The initial and boundary conditions for this study are
listed as follows: [1]
 The electron beam leaves the electron gun with
an energy of 90 KeV, and its normalized emittance is n
= 50 () mm．mrad.
 When the electron beam passes through the
buncher, its energy increases from 90 KeV to 3 MeV.
 The magnetic field of the focus coil is solved
with hard-edge condition to simplify the calculation.

Figure 1: TPS linac buncher.

MAGNETIC FLUX COMPRESSION
When the electron beam meets the initial and boundary
conditions listed in the second section, and the energy is
less than 10MeV before the electron beam enters the
linear accelerator, its transverse size will comply with the
centerline magnetic flux compression law. This is why the
magnetic flux compression law in the report is used to
calculate the transverse size of the electron beam and to
analyze the state of the electron beam after leaving the
electron gun before entering the linear accelerator [2] and
the magnetic flux conservation law is also used in
electron beam cross-section calculation [3].
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Abstract
A high brightness photo-injector has been built for THz
coherent undulator radiation and VUV free electron laser
test facility at NSRRC. In the first phase, the photo-injector
was used to produce ultra-short electron bunches for THz
CUR generation. The electron beam is generated form a
photocathode rf gun followed by a solenoid for emittance
compensation. Then A 5.2 m S-band linac accelerates the
electron beam and compresses the beam by velocity bunching. Since the beam emittance will grow during the velocity bunching process, a solenoid system was installed to reduce the emmitance growth. Downstream the linac, a quadrupole magnet was use for emittance measurement by
quadrupole scan method and the bunch length was measured by the coherent transition radiation. Finally, the ultrashort electron bunch with about few hundreds pico-seconds
passes through a U100 planer undulator can produce THz
coherent undulator radiation. The instrument setup and results of measurement are presented in this paper.

INTRODUCTION
A THz/VUV free electron laser test facility was proposed at National Synchrotron Radiation Research Center
in Taiwan [1]. This machine is designed to operate for tunable coherent radiations in the VUV range with high gain
harmonic generation (HGHG) FEL and in the THz range
with coherent undulator radiation. A high brightness photo-

injector, as shown in Fig. 1, has been built in the Accelerator Test Area at NSRRC [2]. The aim of building this
photo-injector is to develop an electron source for VUV
free electron laser and THz coherent undulator radiation at
NSRRC.
In the first phase, the photo-injector is used to generate
ultra-short bunches for THz coherent undulator radiation.
A 2 meters long undulator, U100, is installed after the
photo-injector for THz CUR experiment. The undulator
has 18 periods and the period length is 100mm. We want to
get a 90 fs short bunch beam with 100 pC by means of velocity bunching while the gradient of the linac should be
15 MV/m in order to compress the bunch as short as possible.

THE PHOTO-INJECTOR SYSTEM
The electron source of the photo-injector is a laserdriven photocathode RF gun with Cu cathode. The photocathode gun is 1.6 cell BNL type cavity. The resonant frequency of the gun is tuned by controlling the temperature
of the cavity. The resonant frequency of the gun is 2998.05
MHz when the cavity works at 55 C. The coupling coefficient of the gun is 0.7. When the RF input power is
4.15MW, the peak field at the cathode can achieve 60
MV/m. At this condition, the max beam energy after the
gun is 2.8 MeV.

Figure 1: Layout and pictures of the photo-injector at NSRRC.
___________________________________________
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BARRIER BUCKET STUDIES IN THE CERN PS
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Abstract
Part of the residual beam loss during the Multi-Turn Extraction (MTE) of fixed target beams from the CERN Proton Synchrotron (PS) can be attributed to kicker magnets
switching while the beam is coasting with the main radio
frequency (RF) systems off before extraction. Generating a
barrier bucket to deplete the longitudinal line density of the
coasting beam during the kicker rise time can reduce these
losses. Beam tests have been performed with an existing
Finemet® cavity in the PS, which is normally operated as
a wide-band feedback kicker. To drive the cavity, a beam
synchronous waveform synthesizer based on programmable
logic has been developed. It produces a pre-distorted signal
which ideally results in a single period sinusoidal voltage
pulse with programmable parameters at the gap of the cavity, once or multiple times per revolution. The modelling
of the behaviour of the power amplifier and the cavity is
essential to achieve an anti-symmetric voltage pulse with
little pre- and post-pulse ripple. The design of the beamsynchronous waveform generator is presented together with
results from initial beam studies with the created barrier
buckets in the PS.

INTRODUCTION

The residual beam losses occurring with the Multi-Turn
Extraction [1,2] (MTE) beam can be reduced by generating a
gap in the longitudinal beam distribution synchronised with
the ejection kickers of the CERN Proton Synchrotron (PS).
Such a manipulation requires pulsed radiofrequency (RF)
signals to be generated. The wide-band RF system in the
PS, which was installed for the coupled bunch feedback
consists of a Finemet® cavity [3] and amplifier (see Fig. 1).
It has the correct frequency range to be operated as a barrier
bucket RF system to generate pulses at the cavity gap. A
new low level RF (LLRF) system to create the drive signal
has been developed. The first part of the article describes
the details of the barrier waveform generation and the LLRF
drive implementation. In the second part, the first results
with proton beam at injection energy and low beam intensity
are presented.

FINEMET® CAVITY AS A BARRIER
BUCKET RF SYSTEM

System Description
A beam synchronous direct digital synthesizer (DDS)
based on programmable logic (FPGA) drives the six pairs
of solid state amplifiers. The outputs of these are directly
∗
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Figure 1: The prototype barrier bucket system as it is installed in the PS.
connected to the cavity gap, see Fig. 1. A dedicated DDS
firmware has been developed and a new LLRF installation
has been commissioned.

Waveform and Application Requirements
The waveform to produce a barrier bucket consists of a
pair of a positive and a negative pulse that are altogether DC
free and comparatively short with respect to the revolution
period [4]. The sketch in Fig. 2 illustrates such voltages and
corresponding RF buckets. Placing two barrier-generating
waveforms directly next to each other creates an isolated
bucket in between them. Otherwise, the absence of voltage
between the pulses yields a barrier bucket.
In addition to these conditions, the application imposes a
further restriction on a very important waveform parameter
for the beam loss reduction, the pulse duration. This is
defined as the time interval when the RF voltage is nonzero (Fig. 2) and is responsible for creating a gap in the
coasting beam.
A pulse duration of ≈ 300 ns corresponds to a sufficiently
long beam gap extending over the rise time of the kicker. A
much larger gap would not achieve further beam loss reduction, therefore this is taken as a maximum value. Moreover,
longer gaps are less desirable for the downstream accelerator,
since the instantaneous beam current outside the gap region
must increase to keep the total intensity constant.

System Model and Waveform Pre-distortion
In order to generate the isolated pulses at the cavity gap, a
pre-distortion scheme is needed, since the cavity and amplifier system alters the magnitude and phase of the harmonic
components of the input RF waveform.
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Abstract
A barrier bucket scheme is being considered to reduce
losses during the Multi-Turn Extraction from the CERN
Proton Synchrotron to the Super Proton Synchrotron for the
fixed-target physics programme. For effective loss reduction,
the extraction kicker has to be triggered during the gap at
the time of the longitudinal barrier. Initial beam studies
at injection energy and with low intensity beams allowed
to fully qualify an existing wide-band cavity to generate
one or multiple beam synchronous pulses per turn. Bunchlength stretching and shortening have been exercised with
barriers moving in azimuth with respect to the beam. The
encouraging results obtained at injection energy guided the
implementation of a de-bunching manipulation at higher
energy to move all bunches into a single barrier bucket.
Beam measurements at a momentum of 14 GeV/𝑐, varying
intensity and the width of the barrier, demonstrate that a
quasi-constant longitudinal line density and an almost fully
depleted gap can be achieved at highest intensities. The
contribution summarises the results of the beam studies at
high energy together with some observations related to the
Multi-Turn Extraction.

INTRODUCTION

A prototype low-level radiofrequency (LLRF) system
has been developed [1] in combination with a wide-band
Finemet® cavity, which is normally part of a longitudinal
feedback system at the CERN Proton Synchrotron (PS) [2].
The aim is to reduce beam losses of fixed target beams at
extraction from the PS by creating a gap in the coasting
beam with a so-called barrier bucket [3]. Creating an isolated pulse for the barrier bucket requires a wide-band RF
system. The Finemet® cavity has a suitable frequency range
and gap voltage to be operated as a barrier bucket system by
installing an additional LLRF system. Before testing the new
setup at extraction energies and with high-intensity beams,
initial beam tests at low energy and low intensity allowed to
qualify the parameters of the system, as well as to perform
the integration for machine development purposes.
Systematic tests performed with azimuthally-moving potential barriers confirmed the theoretically predicted barrier
speed limits with respect to the adiabaticity of the changes.
Having achieved promising results at low energies, studies at
extraction energy with beam were performed without the integration of the Multi-Turn Extraction (MTE) [4, 5] scheme
to validate the barrier waveform generator at 14 GeV/𝑐 momentum. Re-bucketing at flat top was exercised and the
performance of the barrier bucket system is reported with
∗
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different beam intensities including the good performance
at highest intensities.

Longitudinal Dynamics in a Barrier Bucket
A barrier bucket is a long, flat RF bucket in the longitudinal plane of a synchrotron, which is made by isolated RF
pulses at a wide-band cavity gap. The potential created by
the sinusoidal RF pulses forces the particles confined by it
to form a long, flat bunch. Two basic features of the barrier
buckets are illustrated in Fig. 1: (i) the reflection region,
where the longitudinal dynamics is similar to a conventional
RF bucket; (ii) the drift region, where the energy change of
the particles is ideally zero, since no RF voltage is present
in the cavity gap.

Figure 1: The RF potential (red) due to the pulsed RF voltage
and the trajectories (blue) in the Δ𝐸, Δ𝑡 phase space. 𝑇 is
the time measured from Δ𝑡 = 0 to the barrier. 2𝑇 is the
duration of the drift space. 𝑇rev is the revolution period of
the synchrotron and ℎ is the harmonic number corresponding
to the length of the reflection region.

Figure 2: The synchrotron frequency dependence on Δ𝐸
during the expansion and compression operations for the
different phases of the manipulation. The peak RF voltage
is ≈ 4 kV.
Compared to a sinusoidal bucket the introduction of the
drift space increases the period of the oscillations for a particle having a non-zero energy offset. To highlight this difference, the synchrotron frequency as a function of energy
for a barrier bucket and a sinusoidal bucket are compared in
Fig. 2. The presence of the drift space results in a different
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FLUKA-MARS15 SIMULATIONS TO OPTIMIZE
THE FERMILAB PIP-II MOVABLE BEAM ABSORBER
L. Lari, Fermilab, Batavia, IL, USA and CERN, Geneva, Switzerland
F.G. Garcia, Y. He, I. Kourbanis, N.V. Mokhov, E. Pozdeyev, I. Rakhno,
Fermilab, Batavia, IL, USA
F. Cerutti, L.S. Esposito, CERN, Geneva, Switzerland
Abstract

PIP-II is the Fermilab's flagship project to provide powerful, high-intensity proton beams to the laboratory's experiments. The heart of the PIP-II project is an H- 800 MeV
superconducting linear accelerator. In order to commission
the beam and operate safely the linac, several constraints
were evaluated. The design of a movable 5 kW beam absorber was finalized to allow staged beam commissioning
in different linac locations. Prompt and residual radiation
levels were calculated, and radiation shields were optimized to keep those values within the acceptable levels in
the areas surrounding beam absorber. Monte Carlo calculations with FLUKA and MARS15 codes are presented in
the paper to support these studies.

INTRODUCTION

The Proton Improvement Plan II project (PIP-II [1]) is
an essential upgrade to the Fermilab accelerator complex.
As an immediate goal, PIP-II is focused on upgrades capable of providing 120 GeV proton beam power in excess of
1 MW on a target at the start of the Long-Baseline Neutrino
Facility/Deep Underground Neutrinos Experiment
(LBNF/DUNE) program, currently anticipated for the mid2020’s. The central element of PIP-II is a brand-new, leading-edge superconducting linear accelerator (see Fig. 1 as
a reference for its 3D model). The linac is followed by a
beam transfer line that brings the beam to the existing
Booster. Upgrades to a number of systems in the Fermilab
Booster, Recycler and Main Injector are required to accommodate the new higher injection energies and beam intensities in each machine. Thanks to these upgrades, PIP-II
will enable to provide beam to DUNE and an extensive

suite of on-site particle physics experiments, intended to
search for new particles and new forces in our universe.

PIP-II LINAC
The PIP-II linear accelerator is based on Continue Wave
(CW) capable accelerating structures and CryoModules
(CMs). The H- beam from one of the two Ion Sources is
transported through the Low Energy Beam Transfer
(LEBT) section to the Radio Frequency Quadrupole (RFQ)
for bunching and acceleration. At the extraction of the
RFQ, the beam passes through a Medium Energy Beam
Transport (MEBT) line for transport and matching to the
linac SuperConducting (SC) part. The beam leaves the
Warm Front End (WFE) at the MEBT exit and is accelerated from 2.1 MeV to 800 MeV thanks to five different
types of SC CMs. The acceleration starts with Half Wave
Resonators (HWR), operating at 162.5 MHz, followed by
two types of Single Spoke Resonators (SSR1 and SSR2),
operating at 325 MHz. The last two sections, LB650 and
HB650, are composed of two types of elliptical 5-cell cavities. The latter will operate at 650 MHz. The lattice of the
Linac is composed of SC solenoids and normal conducting
quadrupoles. The HWR, SSR1 and SSR2 use three types
of solenoids (one type for each section), while the last two
sections use normal conducting quadrupoles arranged in
doublet formation to provide transverse beam focusing.
At the end of the HB650 section the beam leaves the
linac tunnel and enters the Beam Transfer Line (BTL) before reaching the Booster. If necessary, the beam can be
aborted in the main 50 kW absorber located in the BTL.
For beam commissioning/linac optimization studies an additional low power 5 kW absorber will be permanently located at the end of the Linac tunnel.

Figure 1: 3D Model of the ~215 m long PIP-II accelerator from the two H- ions sources (right) to the HB650 section (left).
Beam Commissioning Phases are shown as well as the proposed Warm Movable Beam Absorber locations: at the first
SSR2 CM (to allow the Linac Phase 1 Beam Commissioning) and at the first LB650 CM (to allow the Linac Phase 2
Beam Commissioning).
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PRIMARY BEAM DYNAMICS DESIGN OF A HEAVY-ION IH-DTL WITH
ELECTROMAGNETIC QUADRUPOLES
P.F. Ma, Q.Z. Xing∗ , X.D. Yu, R. Tang, S.X. Zheng, X.L. Guan, X.W. Wang,
Key Laboratory of Particle and Radiation Imaging, Tsinghua University, Ministry of Education,
Beijing 100084, China
also at Laboratory for Advanced Radiation Sources and Application, Tsinghua University,
Beijing 100084, China
also at Department of Engineering Physics, Tsinghua University, Beijing 100084, China

Abstract

A new IH-DTL beam dynamics scheme, IH-EMQ (ElectroMagnetic Quadrupole) is presented to obtain a large
longitudinal acceptance. In this scheme, electromagnetic
quadrupoles are installed inside the drift tubes of IH-DTL.
A large-longitudinal-acceptance heavy-ion IH-DTL design
is described in this paper. With the limit current of 25 mA,
the 90% normalized longitudinal acceptance reaches 87.8π
deg·MeV for the 60 MeV 197 Au30+ , which is 8 times of the
input emittance.

INTRODUCTION

Interdigital H-mode Drift Tube Linacs (IH-DTLs) are
widely used in heavy-ion accelerators, especially as injectors for synchrotron-based heavy-ion facilities. Compared
with the Alvarez-type DTL, the IH-DTL has higher shunt
impedance and higher accelerating gradient for β <0.1 [1].
Less power and length are required to accelerate the same
particle to the same energy at the same resonant frequency.
At present, the Combined Zero-Degree Structure
(KONUS) [2] and Alternating Phase-Focused (APF) [3, 4]
are commonly adopted in the beam dynamics schemes of IHDTLs. In the KONUS design, triplets are used as transverse
focusing elements in the cavity or between the cavities. As
for APF, the RF phase array needs to be carefully designed
to focus the beam in the transverse plane.
Different transverse focusing strengths should be obtained
to accelerate particles with different charge-mass ratios and
the same velocity in one accelerator. Therefore, it is necessary to provide different transverse focusing by adjustable
magnets, solenoids or RFQ segments for heavy-ion IH-DTLs.
S.S. Kurennoy proposed a method by installing permanent
magnet quadrupoles in the drift tubes of the IH-DTL cavity to enhance the transverse focusing [5]. By adopting
Kurennoy’s idea, we present a new IH-DTL beam dynamics
scheme, IH-EMQ (ElectroMagnetic Quadrupole), for the
purpose of a large longitudinal acceptance. In this scheme,
the electromagnetic quadrupoles are installed inside the drift
tubes of the IH-DTL. The longitudinal acceptances for APF
and KONUS are not large, which lead to tight longitudinal
tolerances (the stable phase widths are about 10◦ for APF [6],
and 20◦ for KONUS [7]). The longitudinal tolerances can
be loose and beam commissioning processes can be easy
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with a large longitudinal acceptance. IH-EMQ can enlarge
the longitudinal acceptance by adopting the conventional
synchronous phase design.

REQUIREMENT OF IH-EMQ
An IH-EMQ is proposed for a synchrotron-based space irradiation facility [8], aiming at providing carbon, aluminum,
gold, silver and other elements with high energy. The heavyion beam from the exit of RFQ is accelerated by the IH-EMQ
and then injected into the synchrotron. The IH-EMQ aims
to accelerate different heavy-ion particles from 0.3 MeV/u
to 1 MeV/u, with charge-mass ratios of 1/2-1/6.5. The RF
frequency is chosen to be 108.48MHz. Requirement parameters of the IH-EMQ are listed in Table 1.
Table 1: IH-EMQ Requirement Parameters
Parameter

Value

Ion type
Charge-mass ratio
Input beam energy
Output beam energy
Peak current (197 Au30+ )
Peak current (12 C6+ )
RF frequency
Pulse length
Pulse repetition rate

12 C6+ -197 Au30+

1/2-1/6.5
0.3 MeV/u
1 MeV/u
50 eµA
100 eµA
108.48 MHz
60-100 µs
0.1-0.5 Hz

IH-EMQ SCHEME
The key point of the IH-EMQ beam dynamics scheme is
to place electromagnetic quadrupoles inside the drift tubes
of the IH-DTL to provide the transverse focusing.
For transverse beam dynamics, electromagnetic quadrupoles are mounted inside every few drift tubes. One periodic structure of the lattice of the IH-EMQ is shown in
Fig. 1 from the first half EMQ to the second. To install the
quadrupoles, the outer radius of the drift tubes should be
large, which will lead to a significant decline in the shunt
impedance of the cell. The less number of the quadrupoles
installed, the less degradation of the shunt impedance of the
cavity.
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Abstract

INTRODUCTION

Rotated quadrupoles and solenoids can lead to the coupling of beam dynamics between two transverse phase spaces
[1, 2]. The coupling will result in transverse emittance
growth. The theories of describing the coupled dynamics
with matrix [3, 4], Hamiltonian theory [5, 6], and CourantSnyder theory [7, 8] have been developed.
It is important to decouple the transverse dynamics and
suppress the emittance growth, especially for the beam injection of the synchrotron which has a strict transverse acceptance limit. It has been illustrated that the beam can be decoupled by rotated quadrupoles in specific situations [9, 10].
Normal triplet and skew triplet after the beamline are used to
decouple the beam coupled by a solenoid [11]. Quadrupolesolenoid-quadrupole system is used to cancel the coupling
in a solenoid [1]. The coupling in a solenoid is eliminated
by a quadrupole corrector consisting of normal and skew
quadrupoles [12].
In this paper, the implementation of decoupling for general cases regardless of the coupling sources is verified. The
minimum number of rotated quadrupoles required for decoupling is discussed.
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where σxx , σxy , σyx , σyy are 2×2 matrices, and σyx = σxy
The four-dimensional RMS emittance ε4D , RMS emittances
in x plane εx , and RMS emittances in y plane εy are the
square roots of the determinant of Σ, σxx , and σyy , respectively.
The elements in σxy or σyx represent the coupling in
x and y planes. If either of them is nonzero, the beam is
coupled in x and y planes. Thus ε4D < εx εy , which is
illustrated in the appendix. It suggests the product of the
emittances of x and y planes increases after coupling. If
σxy = σyx = 0, the beam motion is decoupled in x and
y planes, and ε4D = εx εy . The beam matrix at s2 can be
calculated by transfer matrix R from s1 to s2 and the beam
matrix at s1 ,
Σ(s2 ) = RΣ(s1 )RT .

(2)

R obeys the symplecticity condition,
S = RT SR,

(3)
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The determinant of R is 1 and the 4D phase space volume
can be conserved according to the Liouville theorem if the
beam is not accelerated nor bended, thus ε4D is conserved.
Σ(s2 ) is symplectically congruent to Σ(s1 ).

FEASIBILITY OF DECOUPLING

The beam can be described in a beam matrix. The transverse matrix is symmetric with ten independent variables,
∗
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To solve the problem of decoupling, the existence of decoupling symplectic matrix R for general cases is theoretically proved using linear algebra techniques. The beam is
decoupled by symplectically congruent transforming of the
transverse beam matrix to a diagonal matrix.
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Transverse emittances, especially vertical emittance, are
strictly required in the synchrotrons with multi-loop injection. Transverse emittances easily grow up if transverse
beam phase spaces are coupled. The growth of the transverse emittance can be restained by decoupling the beam
phase spaces. Based on the transfer matrix calculation, it
can be theoretically proved that the decoupling can be implemented for general situations. A minimum number of
rotated quadrupoles required for decoupling is given. Two
quadrupoles can decouple the beam and suppress its emittance growth to 1% in the coupling DTL case.

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPTS113

SENSITIVITY ANALYSES OF ALL-ELECTRIC STORAGE RING
DESIGNS
A. Narayanan∗ , M. J. Syphers†1 , Northern Illinois University, DeKalb, USA
1 also at Fermi National Accelerator Laboratory, Batavia, USA

Abstract

Future searches of electric dipole moments (EDMs) of
fundamental particles can require electrostatic storage rings
operating at the particle’s "magic momentum" whereby spin
precessions out of the plane of the particle motion would
be governed in principle only by the presence of an EDM.
An EDM search for the proton, for example, requires a momentum of approximately 700 MeV/c and thus implies a
half-kilometer circumference, where relatively modest electric fields are assumed. As no all-electric ring on this scale
has been constructed before, the ability to produce precise
radial fields for establishing a central orbit and precise electrostatic focusing fields about that orbit requires attention.
Results of initial investigations into the feasibility of designing a proper system and the sensitivities of such a system to
placement, mis-powering errors and other requirements on
realistic electrostatic elements will be presented.

of the experiment is to simultaneously run proton beams
clockwise (CW) and counter-clockwise (CCW), with the
radial electric field giving the centripetal force. Since the
® the spin of the
EDM would make the spin precess about E,
proton would tip out of the plane, and the split in the CW and
CCW beams, detected using SQUID-based magnetometer
BPMs, gives us the vertical precession rate, and thus the
ωe [2].

STORAGE RING AND EDM
MEASUREMENT

Spin Dynamics

Just as a particle’s intrinsic magnetic dipole moment
(MDM) would make the spin precess about a magnetic field
in its rest frame, the EDM would make its spin precess about
an electric field. For a particle bathed in E® and B® fields,
® the spin
with a velocity β® (perpendicular to both E® and B),
precession frequency due to MDM and EDM (given by the
Thomas-BMT equation [1]) respectively are,
"
#
!
® × E®
1
β
e
G B® − G − 2
(1)
ω® a =
m
c
γ −1
!
ηe E® ® ®
ω® e =
+β×B
(2)
2m c

where η is the intrinsic electric dipole moment, m is the mass
of the particle, and G = (g − 2)/2.
In an all-electric storage ring, B® = 0, and if we choose
a ‘magic momentum’ (γmagic = 1.248107) such that G =
1/(γ 2 − 1), the precession ωa due to MDM becomes zero,
leaving us just with ωe = ηeE/(2mc). For an all-electric
ring, the magic momentum for proton turns out to be about
0.7007 GeV/c.

The Ring
The ring proposed by the EDM collaboration [2] (see
Fig. 1) was taken up for the purposes of our study. The idea
∗
†
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Figure 1: The lattice of a quadrant of the storage ring [2].

ELECTRIC FIELD DUE TO
MISALIGNMENTS
Misalignments
In the real world, it is impossible to place any electrode
plate infinitely precisely, and the finite offset/misplacement
is going to result in the E-field deviating from the ideal value.
Since this being a precision experiment, it is imperative to
quantitatively gauge the distortion in fields coming from
misalignments, and how the field deviations eventually end
up contributing to the systematic errors of the experiment.
But even more important is to study what tolerance of misalignment would give us a stable beam in the first place,
which is the study of this paper.
Misalignments can come in random forms. For example,
the plates (be it opposing quad plates or concentric bending cylindrical plates) may end up slanted at an angle to
each other instead of being parallel, or they may be almost
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UPGRADES FOR SUBSYSREMS OF 200 MeV H- LINAC AT BNL*
D. Raparia#, G. Atoian, D. Gassner, D. Goldberg, D. O. Gould, T. Lehn, V. Lodestro, I. Marneris,
M. Mapes, S. Polizzo, J. Ritter, A. Zaltsman, A. Zelenski
Brookhaven National Laboratory, P O Box 5000, Upton, NY 11974

Abstract
To increase the average current for isotope production by
factor of two, we have undertaken several upgrades for 50year old 200 MeV H- linac at BNL. Average current will be
double by increase the beam pulse length. We are testing
DTL tanks reliability by increasing RF pulse length and replacing weak RF joint. We are in the process of replacing
50-year-old ion pumps and a new PLC based vacuum I &
C system for the DTL tanks.

INTRODUCTION

The Brookhaven National Laboratory (BNL) 200 MeV
drift tube linac (DTL) was built in 1970 [1] with following
design parameters for proton: input energy 0.75 MeV, output energy 200.3 MeV, frequency 201.25 MHz, peak beam
current 100 mA, beam pulse length (max) 200 μs, RF pulse
length 400 μs, pulse repetition rate (max) 10 Hz. Over the
49 years of linac operations, it has gone through several
improvements. The major upgrades were; (a) switch to 5
Hz operation [2], (b) change proton to H- [3], (c) addition
of polarized H- source [4], (d) replacement of the Cockcroft-Walton by Radio Frequency Quadrupole (RFQ) [5],
(e) new timing system [6], (f) new 30.48 cm pressurized
coax system [6], (g) RF system improvements [6], new 50
kV power supply, eliminating of DC charge control at 60
kV, new RF control system, phase and amplitude servo redesign, (h) new polarized source OPPIS source and its upgrade, and [7,8], (i) reconfiguration of 35 keV and 750 keV
transport lines [9,10,11,12,13].
At present linac provides H- beam at 200 MeV to polarized proton program for Relativistic Heavy Ion Collider
(RHIC) and at 66-200 MeV to Brookhaven Linac Isotope
Producer (BLIP). The RHIC program needs two pulses
every AGS cycle (~4-6 sec), one for injection into the AGS
booster and other for 200 MeV polarization measurements
located in the High Energy Beam Transport line (HEBT).
The rest of the pulses from high intensity source are delivered to BLIP. Requirements for these programs are quite
different and are following. (1) RHIC: 200 MeV, 600 μA
beam current, up 400 μs pulse length, polarization as high
as possible and emittance as low as possible, (2) BLIP: 66200 MeV, 550 μs pulse length, current as high a possible
(~60 mA), uniform beam distribution at the target, and
beam losses as low as possible. Many of subsystems of the
linac are 50 years old and need to be replaced. Two upgrade
____________________________________________
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programs, reliability and intensity [14,15,16], are in progress. Beam raster upgrade was finished in 2016 [18].

INTENSITY UPGRADE
To increase the isotope production, there is strong desire
to increase the linac current by factor of two (Figure 1). An
Accelerator Improvement Plan (AIP) was approved for
Phase I of intensity upgrade in 2014. Phase I includes 15%
(5% in the peak current and 10% in the beam pulse length)
increase in average current and evaluations of the linac
subsystem for doubling the current by increasing the pulse
length [17] for Phase II.
beam current

55 mA

0

450 ms

900 ms
time

Figure 1: Doubling the average beam current by increasing
the beam pulse length.
Table 1 summarizes Linac parameters for intensity upgrade Phase I (2014), operating 2019 and proposed to increase the intensity by factor of two, Phase II. Both the
goals of Phase I, (1) increase in 15% current, and (2) evaluation of the Linac subsystem for delivering 250 A average beam current, were successfully completed on time and
within the budget [19]. It was concluded that the Linac can
deliver 250 μA with upgrades of subsystem describe in section below
Table 1: Linac Parameter for Intensity Upgrade Phase I
and Phase II and Operating Parameters Before (2013) and
After (2019) Phase I

Peak Cur. (mA)
Max. Avg, Cur. (μA)
H- pulse length (μs)
RF Pulse Length (μs)
Repetition Rate (Hz)
RF Duty factor (%)

2013

2019

42
120
450
650
6.67
0.43

60
200
590
710
6.67
0.47

Phase
I
45
140
480
670
6.67
0.44

Phase
II
45
250
900
1100
6.67
0.73

Following system will be upgraded: Low- and Highlevel RF, tanks stamp collars, quadrupole power supply,
control, instrumentation, machine protection and vacuum
system.
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EXPLORATION OF HIGH-GRADIENT STRUCTURES FOR 4th
GENERATION LIGHT SOURCES
S.J. Smith∗ , S.G. Biedron, T. Bolin, S.I. Sosa
Department of Electrical and Computing Engineering,
University of New Mexico, Albuquerque, NM 87131, USA
B. Carlsten, F. Krawczyk,
Los Alamos National Laboratory, Los Alamos, NM, USA
J. Cary, D. Cheatham,
Tech-X Corporation, 5621 Arapahoe Ave, Suite A, Boulder, CO 80303, USA
Abstract
As the energy, scale and therefore the cost of largescale accelerator projects, such as X-ray free-electron lasers
(XFELs) increases, new technologies must be developed in
order to minimize costs and maximize efficiency wherever
possible. One obvious way to reduce costs is to reduce the
length of accelerating sections by utilizing higher accelerating gradients. A smaller footprint lowers the accelerator
cost.
Here we present the results of a study into the various
structure options for FEL linacs, contrasting different frequencies and potential geometries. An investigation into
the possibility of utilizing cryo-cooled traveling wave (TW)
electron structures which allow for higher gradient operation
due to the anomalous skin effect (ASE) is also detailed.
Finally, we give simulation results from the commercial
code VSim 9, for a hypothetical TW high gradient C-band
structure design utilizing cryo-cooled technology. Breakdown effects, pulsed heating, tolerances, efficiencies and
potential rf sources are also explored, all within the framework of typical FELs and their requirements.

INTRODUCTION
Free Electron Lasers (FEL), most recently in the soft
to hard x-ray regime, have proven to be invaluable instruments of discovery, enabling new developments in a broad
range of disciplines. The driver of the FEL is typically a
normal- or super-counducting radio-frequency (rf) accelerating structure-based electron beam linear accelerator (linac).
With the need for higher electron beam energies capable of
generating hard x-rays, the linac becomes longer and the
costs quickly become prohibitive if one only relies on stateof-art accelerating technology. Alternative approaches need
to be found to overcome this problem.
One way of reducing the associated costs of a longer linac
is to reduce the size of the cavities while increasing their
gradient of acceleration. In the last few decades, there have
been many efforts on the development of high-gradient structures operated at cryogenic temperatures. In the early 90s for
Neutral Particle Beam (NPB) defense applications; some of
these include the operation of a 2.5 MeV copper plated Radiofrequency Quadrupole (RFQ) at cryogenic temperatures
∗
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at LANL [1] and a 7.5 MeV Continuous Wave Deuterium
Demonstrator linac at Argonne operating at 26 K [2]. There
were also studies on standing wave pillbox and side-coupled
structures operating at liquid nitrogen temperatures [3]. In
this latter study, peak surface fields of up to 300 MV/m were
achieved in S-band with a Q-factor enhancement of 2.7. In
another study conducted in Moscow, an X-band disk-loaded
structure was operated at 77 K, with a Q-factor enhancement
of 2.5 seen with 50 MV/m surface electric fields for a 300 kW
input power [4]
In more recent years, interest has been renewed on the
application of normal-conducting resonant structures operating in the S, C and X-bands for the acceleration of electrons.
For example, there is a comprehensive study showing the
feasibility of using a normal-conducting C-band linac for a
TeV-class electron-positron collider [5]. Similarly for FEL
applications, a performance comparison between S, C, and
X-band linacs for FEL suggests a number of advantages
of using C-band over S or X-band structures [6]. Some
of the advantages are: better control over the rf jitter, reduced non-linearity in the longitudinal beam phase space
and better control over the energy chirp and projected energy spread, which in turn produces a narrower photon beam
bandwidth [6].

Cryogenic Operation of Normal-Conducting
Linacs
Even though conventional superconducting cavities have
good performance when operated at high-duty cycles and
for high-energy beams, they are not an ideal choice for highgradient applications, as the gradient is limited by the maximum surface magnetic field, 55 MV/m for a well-prepared
niobium cavity [7]. Furthermore, the cost of the required
liquid helium cryogenic infrastructure at 26 K makes the
normal-conducting technology more affordable for highgradient compact machines. Nonetheless, the performance
of normal-conducting C-band linacs can be further improved
in terms of accelerating gradient by operating the cavities at
cryogenic temperatures.
In general, for normal-conducting rf structures, the limiting factor on the accelerating gradient is the rf vacuum breakdown. The rf vacuum breakdown is typically characterized
by the breakdown rate and has been linked to movements of
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3D ELECTROMAGNETIC/PIC SIMULATIONS FOR A NOVEL RFQ/RFI
LINAC DESIGN ∗
S. J. Smith† , S. G. Biedron, T. Bolin, A. Elfrgani, E. Schamiloglu, S. I. Sosa,
Department of Electrical and Computing Engineering,
University of New Mexico, Albuquerque, NM 87131, USA
J. Cary, D. Cheatham,
Tech-X Corporation, 5621 Arapahoe Ave, Suite A,
Colorado, CO 80303, USA
P. Bethoney, M. Curtin, B. Hartman, T. Pressnall, D. Swenson,
Ion Linac Systems (ILS), 8430 Washington Place NE, Albuquerque, NM 87113, USA

Abstract
Using the commercial software VSim 9, a highly parallelized particle-in-cell/finite difference time-domain modeling code, the performance of an existing novel RFQ/RFI
linac structure designed by Ion Linac Systems (ILS) is evaluated. This effort is aimed towards having an updated full
3D start-to-end simulation of the accelerator system, which
does not presently exist. The structure used is an efficient
200 MHz, 2.5 MeV, CW, RFQ/RFI proton linac. The methods employed in VSim 9 for modeling and parameter set-up
are presented, along with the simulation procedures for the
electromagnetic solver. The important figures of merit for
the structure are given including the 𝑄 factor, field distributions, shunt impedance, and important beam properties.
These are then compared with the initial design values and
bead-pull measurement.

INTRODUCTION

The machine discussed in this paper was designed by
Ion Linac Systems (ILS) for use in Boron Neutron Capture
Therapy (BNCT), a non-invasive therapy for treating locally
invasive malignant tumors [1]. In this approach, the tumor is
tagged through an injection with a tumor-localizing medication. Boron capture slow, epithermal neutrons. The resulting
nuclear reaction releases the energy dose in the micro-meter
range, thus avoiding damage to healthy tissue. This therapy
has traditionally been done with neutrons produced in nuclear reactors, but there is recent interest in an accelerator
driven system approach, where a linac produces an ion beam,
which is then brought into a dense target, where neutrons are
released through a process called spallation. Using a linac
has the advantage of a narrow-band energy spectrum of the
neutron beam, as well as reduced operation costs as compared to using a nuclear reactor. It also has a significantly
smaller footprint [2]. Figure 1 shows a conceptual view of
such system.
The linac discussed in this contribution was designed by
ILS, it is formed by a Radio Frequency Quadrupole (RFQ)
and a Radio Frequency Interdigital (RFI) [3]. The RFI was
∗
†
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Figure 1: Conceptual view of a full BNCT setup.
developed by Don Swenson from ILS and has been found to
be four times more efficient than current Radio Frequency
Quadrupoles (RFQ) or Drift Tube Linac (DTL) designs [2].
The system consists of a 25 keV microwave ion source where
the protons are extracted. The beam is then transported
into the RFQ through a solenoid lens based system, it then
passes through the 0.75 MeV RFQ, and then through the
2.5 MeV RFI. The length of this system and its associated
power, vacuum and water cooling systems, is quite compact
at 2.84 m.
For the BNCT application, it is critical to produce neutron
beams with high intensity. Since the Boron-neutron cross
section is very small, a higher beam intensity increases the
probability of neutrons interacting with the Boron nuclei.
In other words, a higher neutron beam intensity increases
the efficiency of the therapy. The beam intensity can be
increased by operating the linac in Continuous Wave (CW)
mode. The RFQ/RFI ILS linac allows for continuous wave
(CW) operation at beam currents up to 30 mA. Currently, the
linac operates in pulsed power mode but there are on-going
efforts on moving towards CW opearation. Operating in CW
has multiple operational challenges such as complicated
cooling schemes as well as operational power costs. Our
motivation to numerically model the RFQ/RFI linac is to
have a full start to end model, so that further optimization
MC4: Hadron Accelerators
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APS LINAC INTERLEAVING OPERATION∗
Yine Sun† , K. Belcher, J. Dooling, A. Goel, A. Hillman, R. Keane,
A. Pietryla, H. Shang, A. Zholents, Advanced Photon Source, Argonne National Lab, Lemont, USA
Abstract
Three s-band RF guns are installed at the front end of
the Advanced Photon Source (APS) linac: two thermionic
cathode guns (RG2 and RG1), and one Photo-Cathode Gun
(PCG). During normal operations, RG2 provides electron
beams for the storage ring to generate x-rays for APS users.
The PCG generates high brightness electron beams that can
be accelerated through the APS linac and transported into
the Linac Extension Area (LEA) for advanced accelerator
technology and beam physics experiments. The alternating acceleration of the RG2 and PCG beam in the linac is
possible, as most of the time, RG2 beam is only needed for
20 seconds every two minutes. This mode of interleaving
operation of RG2 and PCG beams through the APS linac
requires some modifications/additions to several systems
of the linac, including RF, magnets, controls and Access
Control Interlock System etc. In this paper we report our
interleaving design and present the commissioning results
of the two beam interleaving operation.

INTRODUCTION
Electron beams for APS storage ring operation is generated by one of the two thermionic cathode guns (RG1 and
RG2), each equipped with its own alpha-magnet to send the
beam to the APS linac. A new Photo-Cathode Gun (PCG)
has been installed at the frontend of the APS linac, and the
PCG beam can be used for experiments in the LEA, see
Figure 1. Each gun has a gate valve that isolates the gun
from the rest of the linac.

Figure 1: The three RF guns of APS linac: thermionic cathode gun RG1 and RG2, and photocathode gun (PCG).
During the APS storage ring top-up operations, the linac is
needed for ∼20 seconds every two minutes most of the time
to inject the thermionic RF gun beam into PAR/Booster/SR.
There is no thermionic RF gun beam in the linac during the rest of the two minutes – the linac can be used
to accelerate the PCG beam for experiments in the LEA;
∗
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see Figure 2. This mode of interleaving operation of two
beams through the APS linac – thermionic RF gun beam
for PAR/Booster/SR and PCG beam for LEA, requires some
modifications/additions to several systems of the linac, including RF, magnets, controls and Linac/PAR Access Control Interlock System (ACIS). To reduce the complexity of
interleaving operation of the beamline magnets, an interleaving lattice is designed to accommodate the drastically
different beams generated by the thermionic RF gun and
PCG [1].

Figure 2: Interleaving operation between the RG2 and PCG
beams in the APS linac every two minutes.

INTERLEAVING DESIGN AND
FEASIBILITY STUDIES
Beam Trajectory Control: Magnets and Power
Supplies
The thermionic RF gun beam changes its travel direction
several times as it is compressed by the alpha magnet, injected into and extracted out of PAR via dipole magnets
LTP:B1 and PTB:B1, and sent to the booster by dipole
PTB:B2. While these magnets are also on the path of the
PCG beam, they should apply no magnetic field to the PCG
beam to allow it to go straight to LEA; see Figure 3.

Figure 3: The gun alpha magnets, interleaving dipole magnets LTP:B1, PTB:B1 and PTB:B2 (all shaded in red) only
bend the trajectory of the thermionic RF gun beam and provide no deflection to the PCG beam.
While the thermionic RF guns RG1 and RG2 are identical,
their alpha magnets are significantly different. RG2 has a
traditional half-quad style alpha magnet, while RG1 has a
Panofsky style alpha magnet [2]. Both alpha magnets have
solid cores and relatively strong residual fields. However
RG2 alpha magnet trim is a set of separate coils, which
can be set at a DC value to compensate the remnant main
MOPTS119
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COMMISSIONING OF THE NEW EXPERIMENTAL FODO LINE
AT THE SNS BEAM TEST FACILITY*
A. Aleksandrov†, S. Cousineau, K. Ruisard, V. Tzoganis, A. Zhukov, Oak Ridge National
Laboratory, Oak Ridge, Tennessee, USA
Z. Zhang, University of Tennessee, Knoxville TN 37966, USA

Abstract

The Spallation Neutron Source Beam Test Facility (SNS
BTF) consists of a 2.5 MeV proton accelerator and a beam
line with various diagnostics for high intensity beam dynamics study. A beam line consisting of 19 identical quadrupole magnets arranged in FODO configuration, and a
large dynamic range emittance monitor has been added recently. The new setup is designed for experimental study
of mechanisms of halo formation in mismatched high intensity beams. We present results of the new beam line
commissioning with beam.

INTRODUCTION

The SNS Beam Test Facility functionally replicates the
SNS Front End systems to ensure relevance of beam measurements at the BTF for SNS operation. It can produce
pulsed 2.5 MeV beam of negative hydrogen ions (H-) with
maximum peak current of 50mA, maximum pulse width of
1ms, and maximum pulse repetition rate of 60 Hz. A detailed description of the BTF systems can be found in [1].
One of the BTF goals of commissioning the new SNS RFQ
was accomplished by the end of 2017 [2]. The new RFQ
was moved to the SNS Front End to replace the old RFQ,
and the old RFQ was moved to the BTF. A short BTF run
in August of 2018 confirmed successful relocation and integration of the old RFQ with the BTF infrastructure. The
BTF expansion to add the new FODO line took place in the
period from August to December of 2018. A layout of the
reconfigured BTF is shown in Fig. 1. This paper presents
results of the new BTF beam line commissioning.

THE BTF BEAM LINE
The main purpose of the latest beam line extension is to
provide tools for experimental investigation of halo formation in high intensity hadron beam and beam dynamics
simulation codes benchmarking. A layout of the beam line
is shown in Fig. 2, and a photograph in Fig. 3. The H- beam
is produced by the ion source (1), accelerated to 2.5 MeV
by the RFQ (2), the six-dimensional phase space distribution is measured by the 6D scanner (3) [3], the beam is
turned in the achromatic bend (4), and injected into the
FODO line (6) with the Twiss parameters adjusted in the
matching section (5). The output transverse phase space is
measured by the high dynamic range scanner (7). The need
to turn the beam by 180° is dictated by the available space
in the building.

Figure 2: A general layout of the BTF beam line with the
Ion Source (1), the RFQ (2), the 6D phase space scanner
(3), the achromatic 180° bend (4), the matching section (5),
the FODO line (6), and the emittance scanner (7).

Figure 3: A photograph of the SNS BTF beam line.
___________________________________________

Figure 1: A general layout of the SNS BTF.
___________________________________________
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SRF CAVITY FAULT CLASSIFICATION USING MACHINE LEARNING
AT CEBAF*
A. Solopova†, A. Carpenter, T. Powers, Y. Roblin, C. Tennant, Jefferson Laboratory, Newport
News, VA, USA
L. Vidyaratne, K. Iftekharuddin, Vision Lab, Department of Electrical and Computer Engineering,
Old Dominion University, Norfolk, VA, USA
Abstract
The Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Lab is the first large high power CW
recirculating electron accelerator to make use of SRF accelerating structures. The structures are configured in two
antiparallel linacs connected by arcs. Each linac consists of
twenty C20/C50 cryomodules each containing eight 5-cell
cavities and five C100 upgrade cryomodules each containing eight 7-cell cavities. Accurately classifying the source
of cavity faults is critical for improving accelerator performance. A cavity fault triggers a waveform acquisition process where 17 waveform records sampled at 5 kHz are recorded for each of the 8 cavities in the affected cryomodule.
The waveform record length is sufficiently long for transient microphonic effects to be observable. This data combined with archived signals sampled at 10 Hz are used to
classify faults. Significant time is required for a subject
matter expert to analyze and identify the intra-cavity signatures of imminent faults. This paper describes a path forward that utilizes machine learning for automatic fault
classification. Post-training identification of the physical
origins of faults are discussed, as are potential machinetrained model-free implementations of trip avoidance procedures. These methods should provide new insights into
cavity fault mechanisms and facilitate intelligent optimization of cryomodule performance.

DEFINITION OF THE PROBLEM
The 12 GeV Upgrade for CEBAF was completed in September 2017. The project doubled the beam energy of the
existing accelerator. To meet this energy goal, eleven new
100 MV cryomodules (called C100s) and RF systems were
installed in 2013 (see Fig. 1) [1]. Currently the largest contributor to CEBAF downtime are beam trips caused by SRF
cavities. During the last year there were an average of 6 RF
trips an hour, accounting to roughly 15% of lost beam time
per hour every day. To reduce the trip rate accelerating gradient of the cavity needs to be lowered, which means energy reach of CEBAF suffers.
The cavities in a C100 cryomodule have strong cavity to
cavity mechanical coupling. When one cavity trips off, the
Lorentz force detuning causes vibrations in the cavity
string that are sufficient to trip other cavities. In order to
avoid trips, the entire string is switched to self-excited loop
mode (frequency tracking) when one of the cavities trips
___________________________________________
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and others become unstable. This is also the default response for various other off normal conditions, which
makes it difficult to determine which cavity initiated the
cascade of faults [2].
When a cavities trips off, it disrupts delivery of the beam
to the experimental halls. Correctly classifying which of
several known fault mechanisms caused the cavity to trip
provides valuable information to control room operators on
how to treat the offending cavity and ultimately helps to
maintain greater beam availability to users [3].

Figure 1: Schematic of the CEBAF accelerator showing the
locations of the 11 C100 cryomodules from which cavity
fault data is recorded.

USING THE FAULT IDENTIFICATION
AND MACHINE OPERATION
Some examples that illustrate how prompt identification
of fault types can be useful in machine operation:
 Fast Quenches: Identification of prompt “quenches”
of cavities where the stored energy in the cavity is dissipated in times that are much shorter than is possible
due to thermal quenches. These events were identified
in the CEBAF operation as a gas discharge inside the
cavity where stored energy is transferred to electrons
produced by the discharge in times on the order of
10 µs. When these types of events occur in either the
first or last cavity in the cryomodule there is pressure
outburst observed in the beam line ion pump. In some
cryomodules these events started occurring multiple
times per day after weeks of no events and at gradients
well below previously determined quench gradients.
This can indicate gas loading in the beamline or the
warm-to-cold transition in the RF waveguides. In addition to the temporary mitigation of reducing the gradient, identifying this type of fault can indicate a vacuum problem or the need to thermally cycle the cryomodule.
TUXXPLM2
1167

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUXXPLM3

FIRST OPERATION OF A HYBRID E-GUN AT THE SCHLESINGER
CENTER FOR COMPACT ACCELERATORS IN ARIEL UNIVERSITY
A. Nause∗ , A. Fridman, Ariel University, Ariel, Israel
A. Fukasawa, J. Rosenzweig, R. Roussel, University of California in Los Angeles, US
B. Spataro, INFN, Rome, Italy
RF CAVITY DESIGN

Abstract
A novel hybrid photo injector was designed and partially
tested at the UCLA Particle Beam Physics Laboratory. It
was later commissioned at Ariel University in Israel as an
on-going collaboration between the two universities. This
unique, new generation design provides a radically simpler
approach to RF feeding of a gun/buncher system, leading
to a much shorter beam via velocity bunching owed to an
attached traveling wave section of the photo-injector. This
design results in better performance in beam parameters, providing a high quality electron beam, with energy of 6 MeV,
emittance of app 3 µm, and a 150 fs pulse duration at up to
1 nC per pulse. The unique e-gun will produce an electron
pulse for a THz FEL, which will operate at the super-radiance
regime, and therefore requires extraordinary beam properties. This paper briefly describes the gun and presents initial
operational results from the gun and its sub-systems.

INTRODUCTION
A Hybrid S-band (2856 MHz) photo injector was commissioned at Ariel University [1] (Figure 1). The injector is the
heart of the Schlesinger Compact Accelerators Center, it was
designed by the PBPL group at UCLA, which previously
designed and tested a smaller (lower energy) type of such Hybrid structure [2]. This photo-injector beam will be used to
drive a 150 kW, ultra-fast THz-FEL, using a 90cm
Undulator, emitting radiation coherently from all the
electrons within the pulse. This results with enhanced
emission (therefore termed super-radiance) [3]. In order for
the electrons to emit coherently, the emitting electron
bunch should be shorter than the wavelength of the
emitted radiation.

As shown schematically in Figure 2, The Hybrid cavity is
an integrated structure consisting of a relatively low gradient
initial standing wave (SW) gun cells (3.5) connected at the
input coupler to even lower field, long traveling wave (TW)
section (9 cells) with most of the RF power passing through
the device and being directed to a load (another acceleration section can be added later). This new and novel design
strongly mitigates RF reflections, as the SW section represents a small fraction (∼10%) of the power usage, and the
TW section is approximately impedance matched to the input
waveguide. Thus there is no need for an RF circulator or coupler system to protect the klystron. The RF coupling shown
in Figure 2 is accomplished in the fifth cell encountered
by the beam, with the SW section electrically coupled to it
on-axis. This mode of coupling is particularly fortuitous, as
it is accompanied by a 90 deg phase shift in the accelerating
field, resulting in strong velocity bunching effects (Figure
3) on the beam that reverse the usual bunch lengthening induced after the gun exit in standard 1.6 cell photo-injectors.

Figure 2: Hybrid gun layout, horizontal cut, marked are the
standing wave and traveling wave sections, as well as the
cathode location and the magnetic solenoid
Velocity Bunching
Inside Traveling Wave Section

After Traveling Wave Section

At Focus
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Figure 1: Comissioned Hybrid system at the Schlesinger
center in Ariel University
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Figure 3: Conversion of applied velocity bunching by the
traveling wave section of the gun, to a density bunching after
a drift. Green line shows longitudinal compression of the
e-bunch.
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NEGATIVE MUONIUM ION PRODUCTION WITH A C12A7 ELECTRIDE
FILM
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K. Hasegawa, R. Kitamura, Y. Kondo, T. Morishita, JAEA, Tokai, Ibaraki, Japan
T. Iijima, K. Inami, Y. Sue, M. Yotsuzuka, Nagoya University, Nagoya, Aichi, Japan
H. Iinuma, Y. Nakazawa, Ibaraki University, Mito, Ibaraki, Japan
K. Ishida, RIKEN, Hirosawa, Wako, Japan
N. Saito, J-PARC Center, Tokai, Naka, Ibaraki, Japan
H. Yasuda, University of Tokyo, Hongo, Tokyo, Japan
Abstract
(µ+ e− e− ,

Mu− )

Negative muonium atom
has unique features stimulating potential interesting for several scientific
fields. Since its discovery in late 1980’s in vacuum, it has
been discussed that the production efficiency would be improved using a low-work function material. C12A7 was a
well-known insulator as a constituent of alumina cement,
but was recently confirmed to exhibit electric conductivity
by electron doping. The C12A7 electride has relatively lowwork function (2.9 eV). In this paper, the negative muonium
production measurement with several materials including a
C12A7 electride film will be presented.

This is a preprint — the final version is published with IOP

INTRODUCTION
Negative muonium atom (µ+ e− e− , Mu− ) has unique features catalyzing potential interesting in several scientific
field. Because Mu− is a pure leptonic system, it offers a
sensitive test of quantum electrodynamics (QED) as is the
case with neutral muonium atom (µ+ e− , Mu). Recently Mu−
is successfully accelerated using a radio-frequency accelerator [1]. After further acceleration and charge exchange
process, an energy-variable Mu beam can be achieved. It
is really new type of quantum beams and expected to open
new branch of science such as antimatter gravity study [2].
Mu− has been observed in vacuum for the first time in
late 1980’s [3–5]. In these experiments, Mu− is generated
by injecting µ+ to a thin target. In this method, the conversion efficiency from µ+ to Mu− is limited to the order of
10−5 . Since all the potential applications need an intense
Mu− , we need to understand the Mu− production process.
It has been discussed from first Mu− observation that the
conversion efficiency would be enhanced with materials of
low-work function [3, 6]. C12A7 (12CaO·7Al2O3) was a
well-known insulator as a constituent of alumina cement,
but was recently confirmed to exhibit electric conductivity by electron doping [7]. The C12A7 electride has lower
work function (2.9 eV) than Al used in our previous experiment [8] and it is stable in atmosphere and vacuum. It was
reported that nearly the same negative current signal as that
with a bi-alkali material coated metal were observed in H−
formation [9].
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We have measured Mu− intensity using several targets
including a C12A7 electride film [10]. First, we show experimental setup of the Mu− measurement. Then, we show
results of the experiment. Finally we summarize our experimental results.

SETUP
The experiment was conducted at the Japan Proton Accelerator Research Complex (J-PARC) muon science facility
(MUSE). The MUSE facility provides a pulsed µ+ beam
produced by π + decay near the surface of the production target. The muon beam pulse width is approximately 40 ns in
rms. The repetition rate of the beam pulse is 25 Hz [11]. For
this experiment, the beam power of the J-PARC Rapid Cycle
Synchrotron (RCS) was 500 kW with two bunch operations.
Figure 1 shows experimental setup for the experiment.
The µ+ s were injected to a Mu− production target after passing through a SUS window. The thickness of the SUS window was 50 µm. The Mu− generated in the target was accelerated to 20 keV by the SOA electrostatic lens [12]. Then, the
Mu− was transported to the detector location via a series of
electrostatic quadrupole (EQ1-4), an electrostatic deflector
(ED), and a bending magnet (BM). A micro-channel plate
(MCP) assembly (Hamamatsu photonics, F1217-01 [13])
detector was employed to measure time of flight (TOF) from
the Mu− production target. The µ+ arrival time at the Mu−
production target was measured with a set of scintillating
counters located at the side of the Mu− production target.
Three types of the Mu− target combining the Kapton foil
as degrader are installed during the experiment; an Al foil,
a C12A7 electride foil, and a SUS foil. The thickness of
the Mu− production target and the Kapton foil is summarized in Table 1. The C12A7 electride foil consists of the
C12A7 electride deposited on the Al substrate with the thickness of 200 µm. The thickness of the C12A7 electride deposition is approximately 10 µm. The dimensions of the
Mu− production target were 43 × 40 mm2 .
The applied voltage to EQ’s and ED, and the applied current to BM are tuned based on the previous experiment [14]
and commissioning using H− [15]. The energy acceptance
of the beamline is estimated to be 1.4% by the GEANT4
simulation [16].
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THE DESIGN OPTIMIZATION OF THE DIELECTRIC ASSIST
ACCELERATING STRUCTURE FOR BETTER HEAT AND GAS
TRANSFER
Shingo Mori∗ , Mitsuhiro Yoshida† , KEK, Tsukuba, Japan
Daisuke Satoh‡ , National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan
Abstract

Dielectric

The dielectric-assist accelerating (DAA) structure is a
dielectric-inserted normal-conducting cavity, which provides high Q value at room temperature. This accelerating
structure is composed of dielectric disks and a dielectric
cylindrical layer inserted in a copper cavity. For the realistic
operation, the removal of heat from the dielectric cells and
the vacuum evacuation of gas inside the cylindrical layers
have not considered yet. In order to solve the problems, we
propose the optimized design of the DAA structure, where
the extended part of the dielectric disk is embedded in the
copper cavity and the choke structure is applied. We show
the result of the electromagnetic-field simulation of the extended DAA structure and the thermal simulation to clarify
the relation between a duty factor and maximum temperature
of the dielectric cells.
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Dielectric
Disk

Figure 1: The original design of the test cavity with the
DAA structure. (left) The definition of the parameters to
distinguish the different choke structures. (right)

EXTENTION OF THE DAA STRUCTURE

This is a preprint — the final version is published with IOP

INTRODUCTION
A dielectric-assist accelerating (DAA) structure [1, 2] is
promising in power efficiency and can be a new candidate
of accelerating cavity for high duty operation because it
provides high efficiency Q ∼ O(105 ) at room temperature,
and higher Q value at low temperature. Although the DAA
structure in the left figure of Fig. 1 has an advantage in
efficiency, there are several problems required to consider
before use of DAA cavity as an accelerator.
First, the thermal contact between the dielectric cell and
the copper cavity is poor, because the dielectric cells and
the copper cavity are not welded together. Since the volume
heating of the dielectric cell is proportional to the square of
the magnitude of the electric field inside the dielectric cell,
poor thermal contact causes an overheating of the cells. A
dielectric strength is known to be gradually decreasing at
higher temperature. [3] Then the overheating of the dielectric
cells may cause a breakdown at lower accelerating voltage.
Secondly, the pumping of gas from the inside of the DAA
cavity is difficult in the original design. This is because
some region in the left figure of Fig. 1 are enclosed between
the dielectric cylinder and the copper cavity.
This paper is organized as follows. In Sec.2, we introduce
optimized designs of the DAA cavity. In Sec.3, we will
discuss the removal of heat from the dielectric disk. In
Sec.5, we will conclude our results.
∗
†
‡
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An Extended Dielectric Disk and a Choke Structure
In order to remove heat from the cells, we consider enlarging the diameter of the dielectric disk so that the extended
part of the disk is embedded in the copper cavity. Assuming
good thermal contact, the larger contact area can mitigate
overheating of the dielectric cells. In order to enhance heat
conduction between them, we will apply metalization on the
dielectrics and welding them together.
Since a radial transmission line has no cutoff frequency,
all eigenmodes can leak via the extended disk. A solution
with axial symmetry is to add a choke structure to the radial
transmission line. [4, 5]

Comparison of Three Types of Extensions
In the application of the choke structure to the DAA structure, there are several ways. The first configuration shown
in the left figure of Fig. 2 fills the choke structure with the
dielectrics. The second one shown in the second figure from
the left of Fig. 2 does not fill the choke structure with the
dielectrics. The third one shown in the third figure from
the left of Fig. 2 does not fill the choke structure with the
dielectrics and has a vacuum region between the dielectric
disk and the copper cylinder. The vacuum region enables
the cavity to evacuate from the flank beside the beam holes.
The advantage of the first design named as type-1 is that
a multipaction cannot happen in the choke structure. But it
requires high accuracy of the machining of the dielectrics.
Moreover, we need to care about the difference in the coeffi-
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XFEL PERFORMANCE ACHIEVED AT PAL-XFEL*
H.S. Lee, H. R. Yang, C. K. Min, C. B. Kim, I. H. Nam, G. J. Kim, C. H. Shim, J. H. Ko, M. H.
Cho, M. J. Kim, J. H. Han, H. Heo, K. H. Park, H. S. Kang†, PAL, Pohang, Korea

Abstract
The hard X-ray free electron laser at Pohang Accelerator
Laboratory (PAL-XFEL) successfully completed the commissioning of SASE and started user operation in late
2016. Since then, the facility has demonstrated excellent
stability with very small timing jitter of about 20 fs, and
commissioned the self-seeding system over a wide range
of photon energies, etc. In this talk, we presents status of
PAL-XFEL including recent commissioning results for
self-seeded XFEL.

INTRODUCTION

After the first lasing of hard X-ray in the PAL-XFEL was
observed on June 14, 2016, the saturation of hard X-ray
FEL of 0.144 nm was achieved on November 27, 2016. The
PAL-XFEL has become one of the major facilities providing intense and coherent X-ray lights since the start of the
official user beam service on June 7, 2017 [1].
The PAL-XFEL consists of 10 GeV normal conducting
S-band RF linac and two undulator lines for generating
hard X-ray and soft X-ray coherent photons [1]. The linear
accelerator can generate up to 10 GeV electron beam at
maximum 60 Hz beam pulse rate for generating hard X-ray
laser light in the range from 2 keV to 14.5 keV. The PALXFEL has a branched linac line to deliver electron beam
around 3 GeV to the soft X-ray undulator line.
Figure 1 shows the pictures inside the PAL-XFEL. This
10 GeV linear accelerator based on S-band normal conducting RF technology consists of five sectors of a injector
and four accelerating sectors which are connected by the
three bunch compressors for increasing the peak currents
of electron bunches.

beam emittance at the gun is lower than 0.5 mm-mrad at
250 pC bunch charge.
In PAL-XFEL linac 50 S-band klystron RF modules are
running to drive 174 S-band accelerating structures. The 42
RF modules in from L2 to L4 sector use the energy doublers which are tuneable remotely for maximum RF power
gain. Especially one X-band RF module is used to drive
higher harmonic cavity which acts as a linearizer. Every RF
module is controlled by low-level RF controllers in amplitude and phase [1]. The PAL-XFEL linac shows excellent
pulse to pulse RF stability performance to make low jitter
FEL performance [2]. The undulator section consists of 20
planner undulators of 26 mm undulator period for hard Xray FEL and 7 planner Undulators of 35 mm undulator period for soft X-ray FEL. These undulator are 5 m in length
and have a variable gap [3].

FEL OPTIMIZATION
It is required for the purpose of increasing the achievable
power at saturation that to decrease the emittance of the
electron bunch before the undulator lines and to maximize
spatial and spectrum overlap between electron and photon
beam during FEL lasing.
The low emittance electron beams generated from the
photo cathode gun are compressed by using three magnetic
chicane bunch compressors. It is well known that horn
shape non-uniform current profiles are generated during
this bunch compression, which dilute the initial low beam
emittance because of severe coherent synchrotron radiation. In PAL-XFEL operation these horn current parts are
cut out by using the beam collimator installed at the middle
of the first bunch compressor. Figure 2 shows typical slice
beam emittance measurement at the screen monitor of the
downstream of the first bunch compressor. The slice emittances are smaller than 0.5 mm-mrad.

Figure 1: The Photographs inside the PAL-XFEL.

The S-band photo injector generates low emittance electron beams by using the carefully controlled laser beams in
temporal and spatial profile. The PAL-XFEL photo-cathode gun has a unique design to reduce multipole field components which dilute beam emittance. The UV laser beam
has a cut Gaussian profile in transverse. Typical projected
TUYPLM1
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Figure 2: Typical slice emittance measurement result.
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STATUS OF THE MAX IV ACCELERATORS
P. F. Tavares*, E.Al-Dmour,Å.Andersson, J.Breunlin, F.Cullinan, E.Mansten, S.Molloy, D.Olsson,
D.K.Olsson, M.Sjöström, S.Thorin
MAX IV Laboratory, Lund University, Lund, Sweden

Abstract
The MAX IV facility in Lund, Sweden, consists of three
electron accelerators and their respective synchrotron radiation beamlines: a 3 GeV ring, which is the first implementation worldwide of a multi-bend achromat lattice, a
1.5 GeV ring optimized for soft X-Rays and UV radiation
production and a 3 GeV linear accelerator that acts as a fullenergy injector into both rings and provides electron pulses
as short as 100 fs that produce X-rays by spontaneous emission in the undulators of the short-pulse facility (SPF). In
this paper, we review the latest achieved accelerator performance and operational results.

INTRODUCTION
The MAX IV facility [1] consists of three electron accelerators and their respective synchrotron radiation beamlines. Two electron storage rings operate at different energies (1.5 GeV and 3 GeV) in order to cover a wide photon
energy range in an optimized way with short-period insertion devices, whereas a linear accelerator serves as a fullenergy injector into both rings and provides electron pulses
as short as 100 fs that produce X-rays by spontaneous emission in the undulators of the short-pulse facility (SPF).
The 3 GeV ring [2] is optimized for the production of
high-brightness X-rays and features a 20-fold seven-bend
achromat lattice reaching a bare lattice emittance of
330 pm rad. Achieving such a low emittance in only 528 m
of circumference requires a compact magnet design [3] and
corresponding narrow gap NEG-coated vacuum chambers
[4]. The reduced chamber dimensions lead in turn to an increased risk of collective instabilities, e.g. transverse multibunch instabilities driven by resistive wall impedance. Key
ingredients to deal with those issues are the use of a relatively low main RF frequency (100 MHz) [5] and passively
operated third-harmonic cavities [6] which lengthen the
bunches, reduce the electron density and increase the incoherent synchrotron frequency spread, providing enhanced
damping of coherent instabilities.
Details of early 3 GeV ring commissioning are given in
[7,8] whereas initial optics commissioning is described in
[9] and first year commissioning results are reported in
[10]. Despite a number of somewhat unconventional features of the design, such as the use of compact magnet
blocks, nearly fully NEG-coated small-aperture vacuum
chambers, a 100 MHz RF system and a single kicker injec-

*

tion scheme with a full energy linac as injector, commissioning of the ring did not uncover any show-stoppers on
the way to achieving baseline performance.
The nominal 500 mA stored current in multi-bunch mode
and 9 mA in single-bunch mode have been demonstrated
during machine studies. Routine delivery to beamlines is in
top-up mode at 250 mA (limited by available RF power)
with >90% injection efficiency using a multipole injection
kicker, closed undulator gaps and open beamline shutters.
The product of beam current and lifetime from gas scattering is larger than 20 A.h, confirming the excellent performance of the NEG coated system. The nominal horizontal
electron beam emittance at low current has been demonstrated and vertical emittances around 8 pmrad are routinely delivered. An excellent orbit stability has been
achieved with RMS motion (integrated from 0.1 up to
100 Hz) below 1.3% and 5.5 % of the RMS beam size in
the horizontal and vertical directions respectively.
The 1.5 GeV ring profits by the same compact magnet
design to achieve significantly lower emittance compared
to its predecessor (MAX II) with roughly the same circumference. The nominal 500 mA stored beam current has been
demonstrated and five insertion devices have been installed.
The MAX IV linac [11] routinely delivers beam to both
storage rings for full energy injection and top-up with
closed undulator gaps and open front-ends. In-between
top-ups the mode is switched to high brightness mode for
the SPF [12]. Switching is done using a state machine that
keeps track of all setting for the different linac and ring
configurations. To meet exactly the energy required for
each ring and SPF, the fill-time to the energy doubling
SLED [30] units is adjusted.
In the following sections, we report on recent development highlights in each of the MAX IV accelerators.

LINEAR ACCELERATOR
High Brightness Mode
The two magnetic double achromats used as bunch compressors [13] in the MAX IV linac have a positive R56 unlike the commonly used magnetic chicane which has a negative R56. The energy chirp needed for compression is
done by accelerating the electrons on the falling slope of
the RF voltage. The natural T566 of the compressors is positive and with the positive R56, this has a linearising effect
on the longitudinal phase space. We can thus choose the
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DEVELOPMENT OF ACCELERATOR DRIVEN ADVANCED NUCLEAR
ENERGY (ADANES) AND NUCLEAR FUEL RECYCLE*
Yuan He†, Zhiguang Wang, Zhi Qin, Hushan Xu††, Lei Yang, Zhijun Wang, Junhui Zhang,
Xueying Zhang, Long Gu, Wenlong Zhan1
Institute of Modern Physics (IMP), Chinese Academy of Sciences, Lanzhou, China
1
also at Chinese Academy of Sciences (CAS), Beijing, China
Abstract
The proposed Accelerator Driven Advanced Nuclear Energy System (ADANES) is a new closed nuclear energy
cycle system, aimed at improving the utilization rate of nuclear fuels, enhancing nuclear safety, reducing the nuclear
proliferation, and at becoming a sustainable and low-carbon energy supply for thousands of years. The ADANES
system consists of fuel burner like the Accelerator Driven
System (ADS), used nuclear fuel processing and recycle
system. Several prototypes have been made as the development of key technology R&D. The 25 MeV proton superconducting linac (CAFe) has been built to demonstrate
the several mA continues-wave proton beam at low energy
section. The material named SIMP (Steel designed by Institute of Modern Physics and Institute of Metal Research,
CAS) is presented. The performance of resistance to oxidation, LBE corrosion, irradiation and the yield strength,
tensile strength, ductility at temperature of 200C till to
700C have been shown. The nuclear fuel recycle approach
with the help of the external neutron source is proposed.
The rest spent nuclear fuel after removing the part fission
products will be refabricated to new nuclear fuel and
burned. The investigation about the separation of some fission products and fabrication of ceramic nuclear fuel microspheres were achieved in the laboratory.

INTRODUCTION
The global climate change and green-house-gas emission are the common issues around the world. To reduce
the ration of fossil energy in the primary energy, nuclear
energy is employed to play the important role of clean energy. It is an inevitable strategy to meet the demand on energy in China. The number of nuclear power plants keeps
increasing despite effect of Fukushima-accident. Up to
May 2019, there are 46 nuclear reactors are in operation,
the 3rd of the world [1]. But the nuclear power electricity is
only 4.22% of the total produced, the fossil energy is still
the main part in the primary energy resources [1]. At present, 11 nuclear reactors are constructing in China, and it is
the 1st of the world [1].
However, with the development of nuclear power, more
and more spent nuclear fuel will be produced and accumulated. The nuclear waste and the limit mineral resources of
___________________________________________
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Chinese Academy of Sciences: Future Advance Fission Energy Program
- ADS Transmutation System
† hey@impcas.ac.cn; †† hushan@impcas.ac.cn

Uranium become the key issues on the way of the sustainable development of fission nuclear. The accelerator driven
sub-critical reactor (ADS) and the fast reactor system (FR)
were proposed to transmute the minor actinides. The partition-transmutation strategy was known as the most efficient way to reduce the radiotoxicity of nuclear spent fuel
(NSF). It was reported by NEA/OECD in 2002 that the
ADS is advantage that it can burn pure minor actinides
while avoiding a deterioration of the core safety characteristics [2]. In Europe, an ADS project MYRRHA as in
Multi-purpose hYbrid Research Reactor for High-tech Applications was proposed in 1998. It is the prototype of a
nuclear reactor driven by a particle accelerator under European Framework. The planning of the project is in
4 phases till 2033. The first stage started in 2017 and will
complete the construction and start operating a 100 MeV
practical accelerator in 2026 [3]. In China, a long-term development strategy started in 2011. “Future Advanced Fission Energy Program – ADS Transmutation System” strive
for the series key technology from test facility to demonstrate facility, aiming at sustainable development of nuclear fission energy to contribute the national energy supply [4].

CONCEPT AND ROADMAP OF ADANES
With the development of nuclear power, more and more
spent nuclear fuel will be produced and accumulated. Reprocessing of these spent nuclear fuels became the key issues for the environmentally friendly and sustainable development of nuclear energy. Nowadays the concept of a
closed nuclear fuel cycle is highly discussed as a possible,
which will make an optimized use of natural resource and
minimize the amount of nuclear wastes. The Accelerator
Driven Advanced Nuclear Energy System (ADANES) proposed by CAS is a novel closed nuclear energy cycle system, aimed at improving the utilization rate of nuclear fuels,
enhancing nuclear safety, reducing the nuclear proliferation, and at becoming a sustainable and low-carbon energy
supply for thousands of years. It consists of a fuel burner
like the Accelerator Driven System (ADS), and a used nuclear fuel processing and recycle system. Closing fuel cycle can be achieved through partitioning of uranium and
minor actinides and transmuting of long-lived radioactive
nuclides in ADS. The new reprocessing of spent nuclear
fuel only remove the part fission products including some
volatile fission products and some neutron poisons (lanthanides), which is different from the traditional partitioning
and transmutation (P-T) strategy. The rest spent nuclear
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ADDING DATA SCIENCE AND MORE INTELLIGENCE TO OUR
ACCELERATOR TOOLBOX
S.G. Biedron*, Element Aero, Chicago, IL 60643 USA
Abstract
In this paper, we briefly review the generalities of data
science, give examples of uses in the physical sciences and
engineering, and discuss recent applications to accelerator
science and engineering. Specifically, we give a couple of
accelerator-centered examples and then point the readers to
several recent documents and workshops that summarize
data science for science as well as data science applied to
accelerators. We also point to high-performance computing
and robust simulation tools as part of the data science
“tool” for accelerators.

INTRODUCTION
Today, phrases such as “Artificial Intelligence (AI)” and
“Machine Learning (ML)” are used repeatedly and often
interchangeably in the popular press to describe a sort-of
magic bullet that can solve everything. Even business
advertisements push the terms AI and ML for solving
everything from control of self-driving cars to predicting
financial fraud before it happens. Although these
phrases/terms are abundant now in all forms of media,
what they actually mean in general terms is data science.
Data science is in fact not a new field, but computing
technologies and advanced algorithms have immensely
expanded the applications over the last decade. The particle
accelerator community is now adapting these concepts to
their problems and systems. This includes the expanded
use of high-performance computing (HPC) resources
coupled with robust codes based on first principles.
Here, we provide a very general overview of data
science including intelligent methods of examining and
using data. We then describe how high-performance
computing and advanced simulations tools formulated on
basic principles are part of the data science approaches in
accelerator design and operation. Then, we mention a few
examples of several applications using intelligence and
data in particle accelerators including in controls. Next, we
point the audience to reference materials for recent
workshops, resources of past efforts in related fields, and
recent initiatives for ethical design of intelligent systems
by international professional technical societies. Finally,
we remind ourselves we cannot be decoupled from several
items, such as computing advances and systems
engineering practices, when applying data science to
accelerators.

GENERAL DESCRIPTION OF
DATA SCIENCE
We understand the reader would enjoy having a simplistic definition of data science. In fact, however, much like
everything in the universe, humans attempt to “bin” nature
___________________________________________
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into segments or disciplines. Nature is in fact not segmented. Nature is nature. With this in mind, let’s try to define data science.
Looking to a source that is updated by the masses, Wikipedia states that “Data science is a multi-disciplinary field
that uses scientific methods, processes, algorithms and systems to extract knowledge and insights from structured and
unstructured data” [1]. Data science to the author means
the appropriate combination/integration of the gathering of
data, knowledge of where the data originates, simulations
from first principles, simple exploratory data analysis,
mathematics, statistics, machine learning, optimization,
visualization, high performance computing, deep learning,
and using (if needed) specialized computer hardware [e.g.,
field-programmable gate arrays (FPGAs); application-specific integrated circuits (ASICs), including tensor processing units (TPUs), neural engines; etc.] all for a specific
application. The point being that data science is understood
differently by different people, and the concepts are far
from new. Further, terms and concepts such as Neural Networks (NNs) [2] and machine learning (ML) have been
around for more than a half century. For instance, in 1943,
neurophysiologist Warren McCulloch and mathematician
Walter Pitts wrote a paper on how the neurons of an artificial neutral network might work. They illustrated their concept through a simple neural network of electrical circuits
[2]. Moreover, Arthur Samuel, in his 1959 article suggested
that “[Machine Learning is the] field of study that gives
computers the ability to learn without being explicitly programmed” [3].
Here, we describe one view that the mathematics and statistics of data science is a collision of numerical analysis
and AI, as shown in Figure 1. While this does not reflect
the source of data, simulations, or computing platforms/tools, etc., we hope this helps in understanding some
of the components of data science.
Artificial Intelligence (AI)
Numerical Analysis
 Optimization (including genetic
algorithms)
 Interpolation, extrapolation,
and regression
 Systems of equations
 Eigenvalue and singular value
problems
 Numerical differentiation
 Numerical integration
 Etc.

Deep Learning
A subset of ML with algorithms to
allow software to train itself to
perform tasks such as image
recognition through multilayered
neural networks.

A subset of
AI that
includes the
use of
complex
statistical
algorithms
to improve
performing
tasks as
experience
Increases.

Techniques
that enable
artificial
systems
(computers) to
mimic human
intelligence
using logic, ifthen rules,
decision trees,
machine
learning, and
deep
learning.

Figure 1: One concept of selected elements of the mathematics and statistics of data science.
Numerical analysis can contain mathematical optimization (including genetic algorithms); interpolation, extrapolation, and regression; systems of equations; eigenvalue
and singular value problems; numerical differentiation;
and numerical integration. Artificial intelligence (AI) can
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OPTICS MEASUREMENTS AT SUPERKEKB USING BEAM BASED
CALIBRATION FOR BPM AND BBA
Hiroshi Sugimoto∗ , Yukiyoshi Ohnishi, Haruyo Koiso, Akio Morita, Kenji Mori, Masaki Tejima
KEK, Tsukuba, Japan

Abstract

y

The beam-based calibration (BBC) technique for BeamPosition-Monitor (BPM) is applied in order to establish reliable optics measurement in SuperKEKB. A response model
between beam position, charge and output signals of the
BPM electrodes are introduced to calibrate the relative gain
of the BPM electrodes (BPM Gain Calibration, BGC). The
gains are adjusted by total squares fitting so that the model
reproduces the measured BPM signals. The Beam-Based
Alignment (BBA) is also performed to determine the magnetic center of a quadrupole. Using BGC and BBA, the
performance of the BPM system and optics correction are
successfully improved. This talk presents what we experienced in SuperKEKB so far focusing on beam optics measurement and some details on the beam-based calibration
scheme for BPM system.

INTRODUCTION

SuperKEKB [1] is an electron-positron double ring collider and aiming to open up new luminosity frontier. The
target peak luminosity of 8 × 1035 cm−2 s−1 is 40 times higher
than that achieved by the preceding project, KEKB [2]. SuperKEKB consists of electron (HER) and positron (LER)
storage rings with an injector linac and a newly constructed
positron damping ring. The design concept is based on the
nano-beam scheme [3], in which both beams are squeezed
to nano-scale sizes and collided with a larger crossing angle
at the interaction point (IP). The key changes of machine parameters from KEKB are 2 times higher beam current, 1/20
times smaller vertical betatron function at the (IP). Low emittance tuning (LET) is essential for the nano-beam scheme
as well as squeezing the betatron function.
The SuperKEKB commissioning has started in 2016 after
over 5 years of the upgrade work. The initial beam commissioning named Phase 1 [4] started on 1st February 2016 and
finished on 28th June 2016. The final focusing quadrupole
magnets (QCSs) for beam collision is not installed in Phase 1.
The Phase 1 operation was devoted to the vacuum scrubbing
and the basic setup of operating system. After installation of
QCSs, the second beam commissioning (Phase 2) started on
19th March 2018 and finished on 17th July 2018 [5]. The
first beam collision was observed at 26th April 2018. The
3rd beam commissioning phase (Phase 3) is started on 11th
March 2019 [6].
Calibration of the BPM system is a key issue for better
control of beam orbit and optics. We employ the BBC technique to the BPM system as at KEKB [7]. In BBC, both the
relative gain of the BPM electrodes and the relative offset
∗
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Figure 1: Schematic view of the BPM model used in BGC.

between the BPM electrical center and the magnetic center of a quadrupole are determined using measured BPM
signals. In this paper we show the idea and results of BBC
together with experience on the LET in Phase 1 and 2.

BPM SYSTEM
The SuperKEKB main rings have about 900 quadrupole
magnets, and BPM is attached to all quadrupole magnets for
precise orbit control. Most of the BPMs installed in the HER
are based on 1 GHz narrow-band system [8] reused from
KEKB since most of the vacuum chambers are same as those
of KEKB. On the other hand, the vacuum chambers of LER
are replaced with new ones with ante-chamber structure,
and the waveguide cutoff frequency of the chamber is lower
than 1 GHz in SuperKEKB. Therefore a newly developed
narrow-band system is installed in the LER.
The BPM system is successfully used in the beam tuning
with an averaging mode of 0.25 Hz. In addition to closedorbit measurement, more than 100 BPMs can be used as
gated turn-by-turn BPMs. The gated turn-by-turn BPM system is very helpful in injection tuning. Although optics
measurement with turn-by-turn beam position data is applied, we concentrate on the BBC and beam measurement
based on closed-orbit analysis in this paper.

BEAM-BASED CALIBRATION
Two calibration factors are discussed here. One is calibration of relative gains of the BPM electrodes and the other is
the determination of the BPM offset relative to the neighbour
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BEAM DYNAMICS STUDY IN THE HEPS STORAGE RING*
Y. Jiao†, X. Cui, Z. Duan, Y.Y. Guo, P. He, X.Y. Huang, D. Ji, H.F. Ji, C. Li, J.Y. Li, X.Y. Li,
C. Meng, Y.M. Peng, Q. Qin, S.K. Tian, J.Q. Wang, N. Wang, Y. Wei, G. Xu, H.S. Xu, F. Yan,
C.H. Yu, Y.L. Zhao, Key Laboratory of Particle Acceleration Physics and Technology, IHEP, CAS,
Beijing 100049, China
Abstract
The High Energy Photon Source (HEPS) is the first
high-energy diffraction-limited storage ring (DLSR) light
source to be built in China, with a natural emittance of a
few tens of pm rad and a circumference of 1360.4 m. After
10 years’ evolution, the accelerator physics design of the
HEPS has been basically determined, with the ring consisting of 48 hybrid-7BAs with anti-bends and superbends. This paper will discuss the accelerator physics studies of the HEPS storage ring, covering issues of lat-tice design, nonlinear optimization, collective effects, error correction, insertion devices, etc.

such a MBA lattice, stronger and stronger sextupoles are
required to compensate for the increasing natural
chromticities coupled with the decreasing dispersion function (see e.g., [6]). This causes great difficulty in reaching
a compact design with ultralow emittance of a few tens of
pm, which is especially true for high energy DLSRs. For
instance, the natural emittance of the HEPS 7BA lattice is
limited to about 90 pm [7].

INTRODUCTION
The High Energy Photon Source (HEPS) is a 6-GeV, 1.3km, ultralow-emittance storage ring light source to be built
in Beijing, China.
Starting from the proposal of a DBA lattice with a natural emittance of 1500 pm at 5 GeV [1], the HEPS storage
ring design has been evolved for about ten years [2]. In
2016, the HEPS Test Facility (HEPS-TF), the R&D project
for HEPS, was officially started and completed in 2018.
Under this project, the physics design of the HEPS storage
ring was basically completed [3]. As shown in Fig. 1,
HEPS consists of a 500-MeV linac, a booster that ramps
beam energy up to 6 GeV, a storage ring, and three
transport lines connecting the linac, booster and the storage ring. Present design of the HEPS storage ring consists
of 48 modified hybrid 7BAs, promising a natural emittance of 34.2 pm at 6 GeV. Top-up injection and two typical
filling patterns, i.e., high-brightness mode (680 bunches,
200 mA) and high-bunch-charge mode (63 bunches, 200
mA) are considered. In the following we will report the lattice design and nonlinear optimization of the HEPS storage
ring, as well as the related beam dynamics issues.

LATTICE & BEAM DYNAMICS
Lattice Design
In DLSR designs, multi-bend achromats (MBAs), consisting of a few TME-like cells (the number is larger than
2) and two matching cells, are usually adopted to reach an
ultralow emittance (see e.g., [4]). MAX-IV is the pioneer
light source that first adopts 7BAs in its design [5]. Nevertheless, worldwide DLSR design experiences indicated
that, when continuously pushing down the emittance of
___________________________________________
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Figure 1: Schematic layout of the HEPS project.
To overcome this difficulty, the so-called hybrid-MBA
lattice was proposed and first adopted in the design of
ESRF-EBS [8-9]. Taking a hybrid-7BA as an example, it
can be treated as a combination of two DBA-like cells and
three TME-like cells. By putting all the chromatic sextupoles within the DBA-like cells where dispersion bumps
are generated, the sextupole strengths can be kept to an acceptable level that can be reached using conventional magnet technology. Following this design philosophy, the natural emittance of the HEPS can be reduced to ~45 pm [10].
Using anti-bends in TME-like cells, allows independent
control of the beta and dispersion functions, which helps to
achieve even lower emittance. Anti-bends were first used
in the SLS-2 design [11], where a novel unit cell consisting
of antibends and longitudinal gradient bending magnets
was proposed, resulting in a natural emittance of 137 pm at
2.4 GeV with a circumference of 288 m. It was then proposed to combine the anti-bends into the hybrid 7BA lattice
in the APS-U lattice design [12]. By replacing three families of quadrupoles with anti-bends, the natural emittance
was reduced from 67 pm to 45 pm.
In IHEP design [3, 13], besides using two families of
anti-bends, the middle unit cell of the 7BA was also
changed to be similar to that of SLS-2, i.e., the dipole is
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OPERATIONAL RESULTS OF LHC COLLIMATOR ALIGNMENT USING
MACHINE LEARNING
G. Azzopardi∗ , University of Malta, CERN
A. Muscat, G. Valentino, University of Malta, Msida, Malta
S. Redaelli, B. Salvachua, CERN, Geneva, Switzerland

Abstract
A complex collimation system is installed in the Large
Hadron Collider to protect sensitive equipment from unavoidable beam losses. The collimators are positioned close
to the beam in the form of a hierarchy, which is guaranteed
by precisely aligning each collimator with a precision of
a few tens of micrometers. During past years, collimator
alignments were performed semi-automatically, such that
collimation experts had to be present to oversee and control
the alignment. In 2018, machine learning was introduced
to develop a new fully-automatic alignment tool, which was
used for collimator alignments throughout the year. This
paper discusses how machine learning was used to automate
the alignment, whilst focusing on the operational results
obtained when testing the new software in the LHC. Automatically aligning the collimators decreased the alignment
time at injection by a factor of three whilst maintaining the
accuracy of the results.

INTRODUCTION

The Large Hadron Collider (LHC) at CERN is the largest
particle accelerator in the world, used to accelerate and collide two counter-rotating beams, with an unprecendented
center-of-mass energy of 13 TeV [1]. The LHC is susceptible to beam losses from normal and abnormal conditions,
which can damage the superconducting magnets and other
sensitive equipment [2]. Due to this, a robust collimation
system is used to safely dispose of such beam losses by concentrating them in the collimation regions, with a 99.998%
cleaning efficiency of all halo particles.
The LHC collimation system is made up of 100 collimators, which are mainly concentrated in two dedicated
cleaning insertion regions; IR3 for momentum cleaning and
IR7 for betatron cleaning. Collimators provide halo cleaning
using a multi-stage hierarchy, which must be preserved by
aligning the collimators with a precision of a few tens of
µm. The majority of the collimators are aligned using the
Beam Loss Monitoring (BLM) system. Each collimator has
a dedicated BLM ionization chamber positioned outside the
beam vacuum, immediately downstream. Such devices are
used to detect beam losses generated when halo particles
impact the collimator jaws. Recorded losses are proportional
to the amount of beam intercepted by the collimator jaws
and are measured in units of Gy/s.
Each year of LHC operation begins with a commissioning
phase, which involves aligning all collimators and ensuring
∗
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the correct operation to allow the LHC to achieve nominal operation [3]. Collimator alignment campaigns are performed
at different machine states along the LHC generation cycle,
i.e. injection at 450 GeV where 79 collimators are aligned,
flat top at 6.5 TeV where 75 collimators are aligned, squeeze
where 16 collimators are aligned and in collisions where
28 collimators are aligned. Such alignments are performed
to determine the beam orbit and beam size at each collimator location, to establish the hierarchy and to generate
continuous setting functions for the whole LHC cycle [4, 5].

ALIGNMENT PROCEDURE
Collimators aligned with BLM devices use a four-step
beam-based alignment (BBA) procedure established in [6].
The standard sequence involves aligning a reference collimator in addition to the collimator in question (i), which is
taken to be the primary collimator in the same plane as collimator i. This creates a "reference halo" that extends into the
aperture of collimator i. The alignment of the collimators
is beam-based as the collimators’ jaws are moved towards
the beam whilst observing the spikes in the beam loss signal
of its respective BLM device. A jaw is classified as aligned
when a signature spike pattern is detected in the losses.
Prior to the machine learning used in 2018, the software
established in [7, 8] was used to align collimators using
a semi-automatic algorithm. This procedure required the
user to; select the collimator to be aligned, select the BLM
threshold, start the alignment such that the collimator automatically moves towards the beam and stops when its losses
exceed the BLM threshold, and finally the user must analyse the spikes in the BLM losses to check if the collimator
is aligned. This approach is time consuming and requires
collimation experts to be available for the entire duration of
the alignments.
The cumulative net time required to align the collimators
over the years during all machine states is displayed in Figure 1, excluding any operational overhead for configurations
and setups. This diagram clearly indicates the consistent decrease in the alignment time each year. The initial alignment
of the system in 2010 took 80 hours. Since then, several
hardware and software upgrades were introduced to improve
the alignment time and to reduce the complexity of the alignment procedure. In 2011-2012 the alignment software was
semi-automated, in 2013-2015 collimators in the IRs where
collimators are frequently reconfigured, were installed with
beam position monitors [9] and in 2018 the fully-automated
software was introduced. Initially, with the full-automation,
the parallel alignment was not possible, as when a collimator
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STATUS OF AUTOMATED OPTIMIZATION PROCEDURES AT THE
EUROPEAN XFEL ACCELERATOR
S. Tomin†, European XFEL, Schenefeld, Germany
L. Fröhlich, M. Scholz, DESY, Hamburg, Germany

Abstract
The European XFEL is in the operational stage since fall
2017. Since then, tuning of the FEL performance (e.g. of
the photon pulse energy) has become increasingly important. Due to a large number of parameters to which FEL
facilities are highly sensitive and their complex correlations, controlling and optimizing them in a speedy manner
is becoming a very important and challenging task. Several
automated optimization procedures were developed to optimize the FEL beam quality. In this work, we present the
status and the results of these activities, as well as the optimization statistics.

interest can be used. However, this is currently not often
possible due to time constraints and not available after the
main linac.

INTRODUCTION

The European XFEL [1] belongs to the family of the
Hard X-Ray FEL facilities along with LCLS [2], SACLA
[3], SwissFEL [4], and PAL-XFEL [5] and it has the highest electron beam energy up to 17.5 GeV among them. The
superconducting technology used for the linac of European
XFEL allows producing up to 27000 electron bunches/second in the burst mode with 10 Hz. The beam switchyard
containing of fast kickers and DC septa [6] distributes the
electron bunches between three SASE undulator lines aiming to deliver X-rays from 0.25 to up to 25 keV.
The multi-user operation places high demands on the
availability and quality of the electron and photon beam
that should be achieved in as short a time as possible. The
Hard X-Ray FEL performance is highly sensitive to many
accelerator parameters including e.g. the orbit inside the
undulator, RF parameters (see e.g. [7]) and many others.
A wide variety of high-level control applications and
procedures have been developed to setup the machine and
reduce the required tuning time. This includes beam based
alignment, electron beam phase space tomography [8], an
orbit correction tool [9], and many others. Despite of that,
getting the best machine performance requires significant
efforts of machine parameter tuning and human expertise.
The magnet imperfection and misalignment, the temperature gradients and residual magnetic fields, etc, are unavoidable companions of the large-scale FEL facilities
which inevitably leads to deviations of machine parameters
from the reference values. Most of these deviations can be
detected by comprehensive diagnostics and subsequently
compensated. However, such diagnostics are not always
available online or in an accelerator part of interest. For
example, a routinely using a procedure of projected beam
optics matching may not provide the same matching to the
central slice, see Fig. 1. To overcome this, beam phase
space tomography [7] and matching of the bunch slice of
___________________________________________
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Figure 1: 𝛽 of the first 200 m of the EuXFEL accelerator:
design 𝛽 (blue line), 𝛽 of whole bunch from tracking
with SC. (orange line), 𝛽 of the central slice (green).
Figure 1 shows the vertical beta functions of the first 200
m of EuXFEL accelerator for three cases: the design 𝛽 ,
the 𝛽 of the whole beam (the projected beam was matched
~32 m after the gun cathode at 𝐸
130 MeV) and 𝛽
of the central slice of the beam. The two last cases were
obtained from tracking of 2 ∙ 10 macroparticles (500 pC)
with space charge (SC) effect using OCELOT [10, 11]. The
beta function of the entire beam eventually diverges relative to the design after matching due to space charge effects, while the beta function of the center slice is also different.
A few tools [9] including the OCELOT Optimizer and
the statistical undulator launch orbit optimization tool (or
“Adaptive Feedback”) have been developed to automatize
several tuning procedures. Here we report the status of development of these tools and present the analysis of the optimization data for more than one year of operation.

THE OCELOT OPTIMIZER
The OCELOT Optimizer was developed and deployed
in the EuXFEL control room at the beginning of 2017. It is
the next generation of the SASE optimizer developed for
FLASH [12]. The tool optimizes a configurable objective
function, e.g. FEL pulse energy, by tweaking actuators using an optimization algorithm, e.g. Nelder-Mead algorithm
[13]. A detailed description of the tool, as well as some examples of its use during the commissioning of the European XFEL [14] and the first deliveries of the photon beam
to users, were presented in [9]. Since then we collected experience of almost two years. The application statistics is
shown in Fig. 2. Each optimization is logged including an
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THE EPICS SOFTWARE FRAMEWORK MOVES FROM CONTROLS TO
PHYSICS
Greg White, Murali Shankar (SLAC, Menlo Park, California), Andrew Nicholas Johnson, Mark
Lloyd Rivers, Guobao Shen, Sinisa Veseli (ANL, Argonne, Ilinois), Kunal Shroff (BNL, Upton,
Long Island, New York), Matej Sekoranja (Cosylab, Ljubljana), Tom Cobb (DLS, Oxfordshire),Timo Korhonen (ESS, Lund), David Gareth Hickin (EuXFEL, Schenefeld), Heinz Junkes
(FHI, Berlin), Martin Gregor Konrad (FRIB, East Lansing), Ralph Lange (ITER Organization, St.
Paul lez Durance), Steven M. Hartman, Kay-Uwe Kasemir, Matthew Pearson, Klemen Vodopivec
(ORNL, Oak Ridge, Tennessee), Leo Bob Dalesio, Michael Davidsaver (Osprey DCS LLC, Ocean
City), Dirk Zimoch (PSI, Villigen PSI), Martin Richard Kraimer (Self Employment)

Abstract
The Experimental Physics and Industrial Control System
(EPICS), is an open-source software framework for highperformance distributed control, and is at the heart of many
of the world's large accelerators and telescopes. Recently,
EPICS has undergone a major revision, with the aim of better computing supporting for the next generation of machines and analytical tools. Many new data types, such as
matrices, tables, images, and statistical descriptions, plus
users' own data types, now supplement the simple scalar
and waveform types of the classic EPICS. New computational architectures for scientific computing have been
added for high-performance data processing services and
pipelining. Python and Java bindings have enabled powerful new user interfaces. The result has been that controls
are now being integrated with modelling and simulation,
machine learning, enterprise databases, and experiment
DAQs. We introduce this new EPICS (version 7) from the
perspective of accelerator physics, and review early adoption cases in accelerators around the world.

EPICS BASE AND EPICS VERSION 7

The Experimental Physics and Industrial Control System
(EPICS), is an open-source software framework for highperformance Supervisory Control and Data Acquisition
(SCADA). It has been co-developed, and used, over three
decades, by a large international collaboration of accelerator laboratories, telescopes, and scientific enterprises.
Recently, due to the evolving needs for fast online data
analysis, accelerator performance tuning, Machine Learning, and detector and experiment optimization, a significant upgrade of EPICS, version 7, has been developed.
The base software of EPICS is, and remains, software for
supervisory control, closed loop feedback, archiving,
alarm management, timing, and other aspects of front-end
processors and device facing hardware. Often hosted in
some commodity Linux or Windows PC, or sometimes in
an embedded system processor such as RTEMS or
vxWork, this software and its host in an EPICS control system, are collectively known as the IOC (Input / Output
Controller). IOCs are optimized for low-latency I/O. They
control and/or monitor a collection of devices such as ac-
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tuators (magnets, klystrons etc) and measurement diagnostics. Each IOC node contains a memory resident real-time
database.
The IOC database is a set of "smart" records, which are
interconnected in a data flow pattern. They're smart in that
their field values may come directly from hardware, or a
result of processing that was dependent on the type of record. The records may contain "device support" code, to interface the processing to physical devices through device
drivers. IOC code is optimized for throughput. Much more
information can be found on the EPICS base at [1].
This so-called “EPICS base” software, and the software
extensions built on top of it such as user level display managers, archiving and logging systems, detector frameworks
etc, have proven very successful for the control aspects of
scientific instruments. It provides excellent low level I/O,
DAQ, optimal control, and user interfaces for many accelerators.
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Figure 1: The Courant-Snyder parameters of a given quadrupole (a structure of named fields), and the transfer matrix
(a to b) between a corrector and a beam position diagnostic
(a PV subject to arguments), illustrate two examples of
physics oriented quantities. Examples from SLAC.
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BEAM DYNAMICS, INJECTION AND IMPEDANCE STUDIES
FOR THE PROPOSED SINGLE PULSED NONLINEAR INJECTION
KICKER AT THE AUSTRALIAN SYNCHROTRON
R. Auchettl∗ , R. T. Dowd, Y.-R. E. Tan, ANSTO Australian Synchrotron, Clayton, Australia
Abstract
The Australian Synchrotron are currently investigating
the use of a single pulsed nonlinear injection kicker (NLK)
to free floor space within the ring for future beamline development. The NLK has a zero and flat magnetic field at the
stored beam to leave the stored beam undisturbed but has a
maximum field off-axis where the injected beam is located.
After the kick, the injected beam is stored.
While NLKs have been prototyped at many facilities
around the world, injection efficiency and heat loading have
been the main impediment to deployment of the NLK. The
wakefields that pass through the ceramic chamber aperture
can cause severe heat loading and impedance. Despite
achieving impressive injection efficiencies, a previous prototype at BESSY II [1] showed that strong interactions of
the stored beam resulted in high heat load causing the thin 5
µm Titanium coated ceramic chamber to reach temperatures
over 500 °C and fail.
To avoid beam induced heat loads, this paper presents
studies of the wake impedance and thermal behaviour for
our proposed NLK design. Injection simulations and future
considerations for installation and operation at the Australian
Synchrotron will be discussed.

THE AUSTRALIAN SYNCHROTRON
AND NEW BRIGHT BEAMLINES
The AS is a 3rd generation facility in Melbourne, Australia. Recently, the second stage of beamline development
under the BRIGHT beamlines project was announced. Over
the next 3 to 5 years, 7 beamlines are planned to meet the
user demand for beamlines in medical and advanced material
research.

THE CURRENT KICKER
CONFIGURATION
New beamlines require new space within the storage ring,
stable beam and transparent top-up. Currently, the AS employs a conventional 4 dipole kicker configuration located
in Sectors 2 and 14; taking up 4 meters of valuable space
where future BRIGHT beamline development is planned.
This setup will be operationally insufficient for future beamlines as this injection method introduces perturbation in the
beam upon top-up which reduces the injection efficiency.
∗
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A SINGLE NONLINEAR KICKER
To reduce the space taken in the storage ring and remove
the jitter in the beam on top-up, the construction and commissioning of a single nonlinear injection kicker (NLK) has
been proposed. A NLK is comprised of a ceramic chamber and magnetic conductors (Fig. 1 left) that produces a
nonlinear field that kicks the injected beam (Figure 1, right)
while leaving the stored beam untouched. This ensures the
beam is transparent in top-up as the stored beam is unaltered,
providing the users with stable, perturbation free light.

DESIGN CONSIDERATIONS
Although NLKs have been proposed and implemented by
several facilities to date, there are several design considerations that need to be addressed before deployment at the AS.
Other facilities have shown that the stored beam produces
image currents along the ceramic chamber, necessitating
a conductive coating of either Titanium (Ti) or Titanium
Nitride (TiN) be applied on the inside of the chamber [2].
The conductive coating will decrease any beam induced
impedance and unwanted wakefields, prevent significant
charge accumulation across the ceramic surface, dissipate
heat load from the stored beam on the ceramic chamber and
guide the image currents.
To produce a full prototype for deployment at the AS,
many features need to be characterized and optimized for our
facility as the interplay of these factors will impact the final
performance. To fully characterise the impact of the induced
impedance from our stored beam interacting with the NLK
ceramic chamber needs to be assessed with respect to:
• The material and thicknesses of conductive coating
applied inside the ceramic chamber
• Selected aperture and length of ceramic chamber
• Power deposition along the ceramic chamber
• Field distortion induced by the selected conductive coating thickness
• The thermal load on the ceramic chamber

PRELIMINARY DESIGN OF THE NLK
Our initial NLK design is shown in Fig. 1 and the magnetic fields generated were characterized using the finite
element method magnetics (FEMM) program [3]. This is
a 8 conductor design with a Al2 O3 ceramic chamber (Kyocera) – chamber dimensions (H x V x L) 74 mm x 20 mm
x 330 mm with a chamber aperture (H x V x L) 64 mm x
10 mm x 330 mm. An internal Ti or TiN coating of 1 µm to
10 µm will be investigated. The 8 copper conductors will be
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NEW METHOD OF CALCULATION OF THE WAKE DUE TO
RADIATION AND SPACE CHARGE FORCES IN RELATIVISTIC BEAMS∗
Gennady Stupakov† , SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
We propose a new approach to the calculations of radiation
and space charge longitudinal forces based on the use of
the integrals for the retarded potentials. Our main result
expresses the rate of change of particles’ energy through
2D (in a 2D model) or 3D integrals for a given orbit of the
beam. It generalizes the 1D model and includes the transient
eﬀects at the entrance and the exit from the magnet. For a
given beam line with known magnetic lattice, and a known
distribution function of the beam, the calculation reduces to
taking 2D or 3D integrals along the orbit.

FORMULA FOR THE LONGITUDINAL
WAKE
The beam is represented by its charge density ρ(r, t) that
depends on time t and coordinate vector r, and its velocity
(r, t), with the beam current density j given by the product
j = ρ. Note that in this model assigning a particular value
of  at each point in the beam we neglect the spread in velocity due the the angular and energy spread in the beam — an
approximation that is typically well satisﬁed for relativistic
beams. For given functions ρ(r, t) and j(r, t) we then derive
an equation for the electric ﬁeld in the beam, E(r, t), and
calculate the instantaneous energy change per unit time and
per unit charge

INTRODUCTION
When the trajectory of a relativistic beam is bent by magnetic ﬁeld, the beam radiates electromagnetic ﬁeld and experiences a radiation reaction force. A popular 1D model
for this force in the case of a circular motion, often called
the coherent synchrotron radiation (CSR) wake, was developed in Refs. [1–3]. A generalization of this model for the
case of a bending magnet of ﬁnite length has been done in
Refs. [4, 5] and is implemented in several computer codes1 .
These models are simple and easy to use but they miss an
important part of the total force in relativistic beams moving
in a curvilinear trajectory.
The attention to this force was attracted by M. Dohlus [6]
in 2002, who pointed out that if the beam is compressed (either longitudinally or transversely) the energy of its Coulomb
ﬁeld changes and this should result in a change of the kinetic
energy of the beam particles. A force that is responsible
for this change can be called the compression force. Note
that this force is diﬀerent from the radiation reaction force,
because the compression is a reversible process, and if the
beam is decompressed, this force changes sign. It cannot
be associated with what is conventionally called the space
charge force because the latter typically scales as 1/γ 2 with
γ the Lorentz factor. The compression-decompression eﬀect
occurs even in the limit γ → ∞ (hence, v = c), when the
space charge force vanishes.
A part of this work has bean developed earlier by this
author in collaboration with D. Ratner [7].
We use the CGS system of units throughout this paper.
∗
†
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Here, we only deal with the longitudinal part of the forces in the bunch
that changes particles’ energy in the beam; for the eﬀect of the transverse
force, see Ref. [8].

P(r, t) = (r, t) · E(r, t).

(1)

The result is expressed as an integral over the volume around
the beam trajectory at preceding times t  < t. It is remarkable that while the integrand in this integral has a singularity,
it is integrable and is easily treated by standard numerical integration techniques. This is in contrast to the Green function
approach in traditional simulations of 3D radiation forces
that use a relativistic point charge ﬁelds with a strong nonintegral singularity at the location of the charge. We will
loosely call P the longitudinal wake, although the classical
wake ﬁelds are typically associated with the energy loss integrated over the beam path and the transverse cross section
of the beam.
Due to the lack of space we omit the derivation that expresses P in terms of the integrals over the whole space and
give the ﬁnal result:
∫
d 3r 
[β(r, t)
P(r, t) = −c
|r  − r |
−(β(r, t) · β(r , tret ))β(r , tret )] · ∂r  ρ(r , tret )
∫
d 3r 
(β(r, t) · β(r , tret ))ρ(r , tret )∂r  · β(r , tret )
+c
|r  − r |
∫
d 3r 
ρ(r , tret )β(r, t) · ∂tret β(r , tret ),
−
(2)
|r  − r |
where β = /c. Note that due to the factor |r  − r | −1 the integrand has a singularity at r  → r, however, this singularity
is integrable2 .
In many cases the last two integrals in Eq. (2) can be
neglected. Indeed, the ﬁrst integral involves the spacial
derivative of ρ that can be estimated as |∂r  ρ| ∼ ρ/σ, where
σ is the characteristic size of the beam. In the last two
integrals we have the spacial and time derivatives of the
2

It is also integrable in a∫ 2D model considered below, when
the three
∫
dimensional integration d 3 r  is replaced by a 2D one, d 2 r  .
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DESIGN AND EXPERIMENTAL RESULTS OF A 1.1KA/800V AC POWER
SUPPLY FOR SIRIUS BOOSTER DIPOLES
C. Rodrigues†, G. O. Brunheira, B. E. Limeira, G. M. Rogatto,
Brazilian Synchrotron Light Laboratory – LNLS, Campinas, Brazil
Abstract

Table 1: FAC Maximum Output Values and Quantities

Sirius is a 4th generation synchrotron light source designed and being built by Brazilian Synchrotron Light Laboratory (LNLS), with first beam scheduled for 2019. Approximately one thousand power supplies (PS) will be
needed to feed all the magnets, from which 57 are used to
operate the booster injector.
The two booster dipole PS are the most complex, not
only due to their higher current (1.1 kA), voltage (800 V)
and power (333 kW) output, but also because the current
must follow a quasi-triangular waveform, from a value
close to zero to almost the maximum in 320 ms and at a
repetition rate of 2 Hz.
Due to the high output values, each PS is formed by two
sets in parallel of 4 modules in series, totalling 8 modules
with 550 A / 200 V output each.
In order to reduce the 2-Hz effect in the grid, each module has two main stages. The input stage has the function
to regulate the average voltage in a capacitor bank consuming a constant RMS current from the grid, which value depends on of the PS average output power. The output stage
has the function to transfer the energy from the capacitor
bank to the load, with the output current following the reference waveform.
This work describes this PS, showing its topology, some
aspects of its design and obtained results.
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Io
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Mod/
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2
1
1
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8
2
1
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0.254

Figure 1: One of booster dipole PS.

INTRODUCTION

BOOSTER DIPOLE PS DESCRIPTION

Sirius is a 4th generation synchrotron light source, designed and been built by Brazilian Synchrotron Light Laboratory (LNLS) in Campinas, Brazil. LINAC and booster
(BOO) are already installed, and the storage ring (SR) must
be ready in the second semester of 2019 [1].
Due to the top-up injection, booster must have the same
maximum energy as the storage ring (3 GeV). This means
that the output current of booster main power supplies (PS)
must follow a 2-Hz quasi-triangular waveform, going approximately from 5% (that corresponds to 150 MeV, the
LINAC energy) to 100% of rated current.
This behaviour justified the design of a third family of
PS for Sirius, called FAC, used to feed booster dipoles,
quadrupoles and sextupoles. Other two families are described in [2].
Despite this family embraces only 6 units, as showed in
Table 1, it is the most complex due to its ramping requirements and to prevent the effect of this in the grid, what required multiple stages. Moreover, booster dipole PS operates at the highest current and voltage among all Sirius PS.
Figure 1 shows one of these PS.

Due to the high voltage required to feed all dipoles with
a single PS, they were divided in 2 units. Each PS feeds
one coil of each dipole in a series association, alternating
superior and inferior coils. Moreover, to decrease the rates
in power electronic components (semiconductors, capacitors, inductors, etc.) and facilitate replacements, a modular
structure was adopted. The last column in Table 1 shows
the quantity of modules used in each PS.
The module was designed for a maximum output values
of 550 A, 250 V, 45 kW. For dipole PS there are 2 sets in
parallel with 4 modules in series each one. The medium
point of one series association is earthed, what limits the
maximum voltage related to earth in a dipole to half of output voltage. Moreover, this prevents the need to use high
voltage cables to connect the magnets.
The current distribution between modules in parallel is
controlled, but the voltage among modules was not necessary.
A first prototype (130 A, 18V) using a single module was
built in 2014 and used to test some QF quadrupoles [3]. In
2016 a second one (1.1kA, 70V) was built, already using 2
modules in parallel, to measure booster dipoles.

___________________________________________
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OVERVIEW OF SIRIUS POWER SUPPLY SYSTEM
C. Rodrigues†, G. O. Brunheira, B. E. Limeira, R. J. Marcondeli, A. R. Silva, H. Sousa, G. M.
Rogatto, A. P. A. Silva, G. R. Oliveira, M. G. Martins, A. R. D. Rodrigues, Brazilian Synchrotron
Light Laboratory – LNLS, Campinas, Brazil

Abstract
Sirius is a 4th generation synchrotron light source designed and under construction by Brazilian Synchrotron
Light Laboratory (LNLS), which first beam is scheduled to
operate in 2019. Almost a thousand Power supplies (PS)
will be needed to feed all magnets of the magnetic lattice,
with outputs ranging from 10A to 1.1kA and 50W to
333kW. Almost all power supplies were designed at LNLS.
Only three families of power modules were designed:
low power (FBP), high power (FAP) and AC (FAC). Each
PS can have up to 8 modules in a parallel or/and series association, in order to reach the rated output values.
All PS are digitally controlled by the same hardware and
firmware, also developed by LNLS, called Digital Regulation System (DRS), but with different parameter settings.
The DRS is also responsible by the communication with
other systems, PS monitoring, data management, etc.
This work presents an overview of this system, showing
the PS specifications, family topologies and results of tests.

INTRODUCTION

Sirius is a 4th generation synchrotron light source which
were designed and is been built by Brazilian Synchrotron
Light Laboratory (LNLS) in Campinas, Brazil. LINAC and
Booster (BOO) are already operating, and the storage ring
(SR) must be ready in the second semester of 2019 [1].
More than 1500 magnets will be used in the magnetic
lattice, and to feed them more than 1000 power supplies
(PS) will be needed. This quantity includes the following
PS that will not be presented in this work:
• LINAC PS, which were provided by SINAP, China, with
all other LINAC equipment.
• Insertion Devices (IDs) PS, which will be defined together with them.
• Fast orbit correctors PS, that will be installed later.
One of the initial principles that oriented the design of
Sirius’ PS was to have few families to reduce the project
effort, number of spare parts, number of part numbers
adopted, etc. Thus, these PS were divided in only three
families, Low Power (FBP, 4-Q), High Power (FAP, 1-Q),
AC PS (FAC, 4-Q), as showed in Table 1.
Table 1: PS Distribution in Families
Fam.
FBP
FAP
FAC

Out. Ratings
10A/10V
750A/450V
1.1kA/800V

___________________________________________
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SR
650
35
-

BOO
51
6

LTB
21
1
-

BTS
10
9
-

All PS described here were designed by the Power Electronics Group (ELP) of LNLS, which also built and tested
the prototypes. A Brazilian company produced the pilot
and final lot of FBP family. The power modules of FAP and
FAC PS were assembled by other Brazilian companies and
integrated by ELP.

DIGITAL REGULATION SYSTEM (DRS)
All PS families use the same hardware and firmware,
called Digital Regulation System (DRS), to control the PS
and communicates with the high-level system, local computer or IHM. But the DRS presents different configurations and parameter settings according to each application.
It was developed by ELP and its initial operation with FBP
model was described in [2]. Figure 1 shows the 2 DRS
crates used with FAP PS and their boards, which are described below.

Universal Digital Controller
The Universal Digital Controller (UDC) is the heart of
the DRS. It is based on the System on Chip (SoC)
F28M36P63C2 from Texas Instruments®. It contains two
processing cores: one is a microcontroller ARM CortexM3, which is responsible for communication interfaces, PS
parametrization and low-speed/resolution analog measurements. The second core is a floating point DSP of C2000
family, running with a 150 MHz system clock, which is
used to execute the control algorithm (up to 100 kHz) and
signal processing, as well to drive the power circuit using
its 16 HRPWM (high resolution pulse width modulator)
channels.
The board also has 8 12-bit Analog-to-Digital Controller
(ADC), 4 Digital Outputs (DI), 12 Digital Inputs (DO),
Flash and SRAM memories. It also can have an IHM with
touchscreen display, for local operation.
FBP family uses one UDC to control up to 4 PS. In the
case of FAP and FAC families, each PS uses 1 to 5 UDCs
to work.

TOT.
732
45
6

Figure 1: DRS and its boards.
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DEVELOPMENT OF REMOTE HANDLEABLE AXIALLY DECOUPLED
RADIATION RESISTANT VACUUM SEAL∗
R. Nagimov† , Y. Bylinski, L. Egoritti, A. Gottberg, A. Koveshnikov, G. Hodgson, D. Yosifov,
TRIUMF, Vancouver BC, Canada
Abstract
Advanced Rare IsotopE Laboratory (ARIEL) facility is
a major expansion of TRIUMF’s rare isotope research program. Aiming to triple the production of rare isotopes,
ARIEL facility includes the new electron linac driver and
two target stations for electron and proton beams [1]. Particularities of ARIEL target stations design define the requirements for vacuum interfaces with both primary electron and
proton beamlines and rare-isotope beamlines. None of the
existing products fully met the requirements, driving the development of custom vacuum interfaces. The design of new
vacuum seals is driven both by unique design specifications
(limited amount of allowed axial forces, extreme radiation
resistance, remote handleability and high repeatability) as
well as limitations of the proposed design of beamline infrastructure in the target hall (limited available space and the
choice of materials for certain components). This paper discusses preliminary results of the vacuum seal development
and presents first results of prototype testing.

INTRODUCTION
ARIEL facility is a major expansion of TRIUMF’s rare
isotope research program. The target stations of ARIEL
facility will employ electron and proton beams. An electron
driver will be utilized to produce radioisotopes via photofission by irradiating Isotope Separator On-Line (ISOL) targets. Electron beam will be converted to gamma spectrum
Bremsstrahlung photons via an electron to gamma (e-γ)
converter located upstream of the ISOL target [2]. The anticipated lifecycles of both the e-γ converter and ISOL target
define the replacement schedule of 4 weeks for both components, requiring a vacuum break interface at the driver
beam side and RIB side of the target module with a maximal
allowed leak rate of 1 × 10−5 Torr/L/s. High radiation fields
in the vicinity of the e-γ converter and ISOL targets dictate
remote handleability for replacement and maintenance activities of target infrastructure as well as all-metal design
of components, including vacuum interfaces. The structural design of the target module and its alignment system
limits the maximum allowed axial forces applied towards
the target assembly by ≈ 800 N in the direction of driver
beam, severely reducing commercially available solutions
applicable for vacuum interfaces. Target replacement and
maintenance schedules require that vacuum seals be capable
∗
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of engaging and disengaging within minutes and maintain
their leak-tightness over one year of operation.
A number of implementations of vacuum interfaces are
being studied. This paper presents preliminary results of the
development and testing of vacuum interfaces based on thin
inflatable metal membranes.

DESIGN DEVELOPMENT
Evaluation of Existing Vacuum Interface Solutions
A number of existing solutions, each of which satisfies all
but one requirement, were studied in an attempt to improve
the characteristics of known vacuum seals in order to meet
required criteria. Results are summarized in Table 1.
Table 1: Evaluation of Existing Vacuum Interfaces for ARIEL
Target Modules Application
Sealing interface

Evaluation summary

elastomer-based
seals

no known elastomers withstand
800 MGy per-run dose

soft-metal gasket
seals

prohibitively high compression
forces, low repeatability

spring-energized
("helicoflex")

prohibitively high compression
forces, low repeatability

polymer based
seals

some materials applicable at
reduced radiation dose, e.g. PEEK

"pillow" seals

high initial cost, prohibitively
large radial dimensions,
prohibitively high axial forces

memory-metal
based seals
(CERN)

not commercially available, high
cost per target replacement,
limited aperture sizes available

Initial operational phase of the electron target station will
utilize lower energy electron beam (up to 10 kW), reducing
expected radiation doses to less than 10 MGy per run in the
vicinity of vacuum interfaces. PEEK-based compression
gaskets are being considered for initial runs. No existing
solutions were found to be adequate for the full beam energy.

Design Approach
In order to meet the requirements of maximum permitted
axial loads applied to the target module, a design approach of
decoupling the vacuum sealing forces in the axial direction
and using radial sealing surfaces was studied. Cylindrical
mating surfaces can be engaged with virtually infinite contact
pressure while exerting negligible axial forces. The concept
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DYNAMIC PRESSURE IN THE LHC: INFLUENCE OF IONS INDUCED BY
IONIZATION OF RESIDUAL GAS BY BOTH THE PROTON BEAM AND
THE ELECTRON CLOUD
S. Bilgen†, C. Bruni, B. Mercier, G. Sattonnay, LAL, Univ. Paris Sud, CNRS/IN2P3, Orsay, France
V. Baglin, CERN, Geneva, Switzerland

Abstract

For the future HL-LHC or FCC study, the understanding
of the beam interactions with the vacuum chamber is
fundamental to provide solutions to mitigate the pressure
rises induced by electronic, photonic and ionic molecular
desorption. The proton beam circulating in the LHC
vacuum chamber ionizes the residual gas producing
electrons as well as positive ions. In-situ measurements
were carried out, on the LHC Vacuum Pilot Sector during
the LHC RUN II, to monitor the dynamic pressure, and to
collect the electrical signals due to the electron cloud and
to the ions interacting with the vacuum chamber walls.
Experimental measurements of electrical signals recorded
by copper electrodes were compared to calculations taking
into account both the Secondary Electron Yield of copper
and electron energy distribution. Finally, it seems that
copper electrodes were not fully conditioned and an ion
current could be estimated.

INTRODUCTION

Ultra-High Vacuum is an essential requirement to reach
design performances in high-energy particle colliders. The
presence of electrons, leading to the electron cloud
phenomenon via multipacting process, is now well
documented and have been intensively studied over the last
few years. However, the behaviour of ions, created by
ionisation of the residual gas by both the proton beam and
the electron cloud, isn’t widely known. These ions (e.g. H2+
or CO+ [1]) are accelerated away from the beam and reach
the vacuum chamber wall. The aim of this paper is to report
the first investigation on the ion behaviour in the Vacuum
Pilot Sector (VPS) installed in the LHC [2].

noting that the same evolutions are observed for all proton
beams for physics.
The pressure, the electron current and the positive
current follow exactly the same behaviour along the time.
Two major bumps are observed: the first one during the
beam injection and the second during the energy ramp up.
Four parts are observed: (i) “injection” of protons in the
ring: more protons circulate and more ionization of
residual gas is produced, leading to an increase of both
pressure and electrical currents. After the injection a slight
decrease of beam intensity is observed due to proton losses
along their path. (ii) Energy ramp-up: evolution of
measurements during this step depends on two main
effects; first, pressure and electrical signal variations are
related to modifications of energy spread (depending on
both the bunch length and the RF) due to RF noise injected
to mitigate longitudinal beam instability; then from 2.8
TeV, the main contribution comes from photoelectrons
interacting also with the residual gas and the chamber
walls. (iii) During Stable Beam, proton intensity decreases
still due to proton losses; (iv) Beginning of proton-proton
collisions. Indeed, from this time, electrical signals
decrease with the pressure.

EXPERIMENTAL DESCRIPTION

We investigated the ions produced by ionisation of the
residual gas in the station 4 of VPS (“blue” beam and
copper vessel) located in vacuum sector A5L8 between the
quadrupoles Q4 and Q5 [2]. We used a negatively biased
copper electrode to collect positive charges. This electrode
could be polarized up to a voltage Vbias=-127 V first, and
after modifications during a technical stop, up to -1000 V.
In the same station, pressure (with Bayard Alpert gauge)
and electron current were also monitored by two positively
biased electrodes polarized at +9 V (K11 and EKD
respectively). Figure 1 shows measurements performed
during
the
fill
7319
(beam
structure:
25ns_2556b_144bpi_20inj). For this fill, the negatively
biased copper electrode was polarized at -600 V. It is worth
___________________________________________
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Figure 1: Measurements performed in station 4 of VPS
during the Fill 7319: “blue” beam parameters (a),
pressure (b), electron current (c) and positive current (d).
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CRYOGENIC TESTS OF THE SPIRAL2 LINAC SYSTEMS
A. Ghribi∗ , P-E. Bernaudin, R. Ferdinand, A. Vassal1 , GANIL, Caen, France
1 also at Univ. Grenoble Alpes, INAC-SBT, F-38000 Grenoble, France
1 also at CEA/DRF/IRIG d-SBT, F-38000 Grenoble, France

Abstract

Two full cool-down of the SPIRAL2 superconducting
LINAC have been performed in 2017 and 2018 respectively,
followed by a total of around 5 months of tests at 4 K. Several
cool-down strategies were tested, in order to minimize 100 K
effect on the SC cavities. Helium bath regulations (level and
pressure) have been tested and optimized. Effects of pressure instabilities and coupling with the cryogenic plant have
also been observed. Cryogenic performances of each cryomodule have been measured. Low-level RF measurements
were also performed on all cavities and showed unidentified
modulations at frequencies around 5Hz. These turned out to
be thermoacoustic oscillations (TAO) on the cryogenic lines,
which generate important pressure instabilities. Several solutions to remove TAO and cure these instabilities have been
tested and one has been successfully deployed.

INTRODUCTION

The GANIL SPIRAL 2 Project [1] aims at delivering
high intensities of rare isotope beams. It consists of high
performance ECR sources, a RFQ, and the superconducting light/heavy ion LINAC, accelerating protons, deuterons
and heavy ions. The SPIRAL 2 LINAC is based on superconducting, independently phased resonating QWR cavities.
There are two types of cavities: 12 low beta cavities housed
in 12 cryomodules type A, and 14 high beta cavities in 7
cryomodules type B (2 cavities per cryomodule) [2].
The cryogenic system is crucial to insure stable operation
of these cavities. Working at 4.4 K around 1.2 bar, it is composed of a dedicated cryoplant, centered around a HELIAL
LF Air Liquide cold box and two Kaeser cycle compressors.
The 5000 L main Dewar feeds the 19 cryomodules, located
9.5 m below in the LINAC tunnel. There, 19 valves box (one
per cryomodule) regulate the cryogenic fluids distribution
(4.4K liquid helium and thermal screen 50K, 15 bar gas helium) through 5 cryogenic valves (one for the input and the
output of each circuit, plus one dedicated to the liquid helium cooldown input). The valves boxes are connected one
to the next, their assembly forming the cryogenic lines in the
LINAC tunnel. The vertical connection to the main Dewar
is located in the physical center of this line, hence of the
first type B cryomodule. For more details on the cryogenic
system of SPIRAL 2, please refer to [3].

COOL-DOWN AND THERMALISATION

SPIRAL 2 superconducting cavities are made of unbaked
bulk niobium and are therefore sensitive to the so called Q
disease effect : If, during cool down, a cavity spends too
∗
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much time (more than 60 minutes) at a temperature between
50 K and 150 K, the risk of trapping hydrogen and forming
niobium hydrides at the surface increases. This, in turn, can
significantly degrade the cavities performances [4]. Therefore, temperature drop slope has to be taken into account in
order to avoid this effect. The cool down procedure that has
been considered so far prioritise the two end cryomodules
(CMA12 and CMB07) in order to thermalize the return line.
Then, cryomodules are cooled down from the end to the center of the return line in groups that respect the symmetry of
the heat load distribution in the LINAC. Figure 1 shows the
time that cryomodules spent within the accepted limit during 2017 and 2018 cool down. This shows the difficulty of
controlling the cool down during the commissioning phase
where automation and control process is still being tested
and optimized. Due to the lack of cold bypass at the ends
of the LINAC, the first cryomodules are slow to cool and
usually hit the time limit. Once the return line is thermalized and the rest of the LINAC is cold, one has to warm
up these cryomodules (room temperature regeneration) and
cools them down again to stay within the specifications and
avoid the Q disease effect. For the rest of the LINAC and
after careful optimisation of the process, the specifications
are reached.

Figure 1: Q disease counter distribution across the LINAC
for 2017 and 2018 cool down. The x axis shows both positions (1,2,..) and type (A and B) of the cavities.

REGULATIONS AND OPERATION
SPIRAL 2 cryogenic operation is ensured by a dedicated
cryogenic system [3]. The latter ensures the required stabilities in both temperature and pressure as well as the temperature drop requirement during cool down. Temperature is
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DYVACS (DYnamic VACuum Simulation) CODE:
CALCULATION OF GAS DENSITY PROFILES IN PRESENCE OF ELECTRON CLOUD
B. Mercier, S. Bilgen, G. Sattonnay† LAL, Univ. Paris Sud, CNRS/IN2P3, Orsay, France
V. Baglin, CERN, The European Organization for Nuclear Research, Geneva, Switzerland

Abstract
The computation of residual gas density evolution in the
LHC in the presence of proton beams was performed with
a new simulation code called DYVACS (DYnamic VACuum Simulation). It is a modification of the VASCO code
in order to take into account dynamic effects such as the
electron cloud phenomenon leading to an increase of both
the electron- and the ion-induced gas desorption. Re-sults
obtained with the DYVACS code is compared to pressure measurements recorded during a typical physics fill in
the Vacuum Pilot Sector of the LHC. First results show a
good agreement between the calculated pressure and the
experimental values.





Ion, electron and photon-stimulated gas desorption;
Gas lumped pumping and gas pumping distributed
along the pipe;
Residual gas ionization by proton beams (for the
LHC) and by electrons (from the electron cloud).

INTRODUCTION

The computation of residual gas density profiles in particle accelerators is an essential task to optimize beam
pipes and vacuum system design. In a hadron collider such
as the LHC, the beam induces dynamic effects due to ion,
electron and photon-stimulated gas desorption (figure 1a).
The well-known VASCO code [1,2] developed at CERN
in 2004 (and then PyVASCO [3]) is already used to estimate vacuum stability and density profiles in steady state
conditions. Nevertheless, some phenomena are not taken
into account specifically. Photoemission and/or ionization
of the residual gas in the beam pipe produces electrons,
which move under the action of the beam field and their
own space charge. These primary electrons may initiate the
build-up of a quasi-stationary electron cloud, which can severely affect the machine operation (figure 1b). Therefore,
we propose an upgrade of the VASCO code by introducing
electron cloud maps [4] to estimate the electron density and
the ionization of gas by electrons leading to an increase of
both the electron- and the ion-induced desorption. Results
obtained with the DYVACS code will be compared to pressure measurements in the Vacuum Pilot Sector [5], a room
temperature, non-magnetic straight section of LHC. We focused on measurements performed in station 4 (“blue”
beam and copper vessel) located in the vacuum sector
A5L8 between the quadrupoles Q4 and Q5.

VACUUM MODEL

The aim of the DYVACS code is to calculate the gas
density evolution in a beam pipe and to take into account
dynamic effects. We proposed thus a modification of the
vacuum model implemented in the VASCO code [1]. The
rate of change of number of molecules per unit volume
(schematically shown in Figure 1) depends on:
 Molecular diffusion along the chamber;

Figure 1: Ion, electron and photon-stimulated desorption
phenomena in the beam pipe (a); electron cloud formation
and electron multipacting (b).
For the moment, we applied this model only for beam
pipes at room temperature. The cryo-pumping for instance
is not yet taken into account.
We assumed that the vacuum chamber is cylindrical, so
the calculations are performed for a one-dimensional approximation, along the beam axis.
The dominant gas species, which are present in a vacuum
system, are hydrogen (H2), methane (CH4), carbon monoxide (CO) and carbon dioxide (CO2). Our calculations are
performed in the framework of the multi-gas model, so interactions between the different gas species are also taken
into account. More precisely this interaction occurs in the
ion-induced desorption term: each of the gas species, once
ionized, can desorb any species both from the wall beam
pipes or the condensed gas layer in a cryogenic system. The
equation of each species depends on the gas densities of
other species, and all the equations are inter-dependent.
It is worth noting that the time scale is divided in steps
in which a quasi-steady state is considered to describe the
gas density evolution. In the case of “one-gas” model, considering the gas flow in and out of the system, the massbalance equation used to describe the evolution of each
species with the gas density nj = (nH2, nCH4, nCO, nCO2) is:
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STORAGELESS RESONANT CONVERTER FOR
ACCELERATOR MAGNETS
M. Cautero, T. N. Gucin, Elettra Sincrotrone Trieste, Trieste, Italy

Abstract

Basic Operation Principle

Elettra Sincrotrone Trieste, a specialized research centre
generating high quality synchrotron radiation, has been in
operation since 1993 and was revised in 2009. Recently,
Elettra has been funded for a complete renewal of the storage ring. For the new machine, it is planned to employ state
of the art converters, mostly of which will be designed inhouse.
For this purpose, it has been decided to evaluate the performance of a storage-less resonant converter, proposed by
Dr. Slobodan Ćuk, which is a step down DC/DC converter
consisting of four switches, one resonant capacitor and two
resonant inductors. For this purpose, the voltage conversion ratio of the converter has been derived. The topology
was confirmed with simulation and a PCB layout has been
designed, which is still to be tested.

The operation principle of the converter will be explained over the simplest case, where resonance inductors
have the same value, Lr1 = Lr2, switching frequency is equal
to the resonance frequency, fr, and the duty cycle, D, is
equal to 50%. Here D is defined as

ELETTRA SINCROTRONE TRIESTE

Low current magnets have been designed for the new
6BA design of the storage ring, so that each one will be
independently energized. With a larger number of power
supplies, the main goal is to get high efficiency to keep the
facility environmentally friendly and rise the MTBF by
lowering the thermal stresses on active devices. The following converter is fulfilling our two requirements.

(1)

Where T1 is the time interval where the switches Q1 and
Q3 are conducting.
As it can be seen in Fig. 1.a and Fig. 1.b, there are two
main operational states of the converter. In the first state,
the resonant capacitor, Cr, is charged through the switches
Q1 & Q3 and Lr1. In this state, the current is supplied by the
input voltage source and Cr is being charged.
In the second state, the switches Q1 & Q3 are turned off,
while the switches Q2 and Q4 are turned on. In this state,
the power for the load is provided by the resonant capacitor, which is being discharged. As seen above, the switch
pairs Q1,3 and Q2,4 are operated complementary to each
other.

STORAGELESS RESONANT
CONVERTER

The examined storage-less resonant converter proposed
by Dr. Slobodan Ćuk [1], illustrated in Fig. 1.a, mainly relies on the energy transfer by resonance, instead of storing
energy in inductors such as in buck converters.
As it can be seen in Fig. 1, the converter is composed of
four switches (Q1 to Q4), two resonance inductors (Lr1 and
Lr2), one resonant capacitor (Cr) and one output filter capacitor (Co).
The basic operation principle of this converter is to
charge the resonant capacitor (Cr) by means of a resonance
circuit formed with one of the inductors and to discharge
the same capacitor through the other resonant inductor.
This way, the transferred energy does not need to be stored
in an inductive element, such as the case of a buck converter.
Although the structure is similar to switched capacitor
converters [2], the addition of resonant inductances
changes the operation of the converter and requires two of
the switches, namely Q3 and Q4, to operate like diodes.
This also in return, enables the converter to operate at
higher efficiencies for a wider range.

TUPMP011
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(c)
Figure 1: (a) Storage-less Resonant Converter and operation intervals of the converter; while (a) resonant capacitor
is charging and (b) is discharging.
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POWER CONVERTERS FOR THE ESS WARM MAGNETS:
PROCUREMENT STATUS
R. Visintini†, M. Cautero, T. N. Gucin, Elettra Sincrotrone Trieste, Trieste, Italy
C.A. Martins, ESS, Lund, Sweden
Abstract
In the frame of the Italian In-Kind collaboration for the
construction of the European Spallation Source (ESS),
Elettra Sincrotrone Trieste research center is in charge,
among all, of the provision of the power converters for the
warm magnets of the superconducting part of the linear
accelerator and of the proton beam transport line. The
procurement process is running for all types of power
converters. The first components have been delivered to
ESS already in March 2018, while the Dipole and
Quadrupole power converters are under construction. The
first batches have been factory tested and shipped to Lund.
The corrector power converters have been manufactured
and are currently tested and calibrated at Elettra before
their delivery to ESS.

ELETTRA IN-KIND CONTRIBUTION
Elettra contributes with hardware on the proton
accelerator [5]. In particular, Elettra is in charge of the
procurement (including, in most cases, the design) of the
conventional electro-magnets [6], and their associated
power converters (PC) to be installed in the warm units
along the superconducting (SC) part of the linac (LWUs),
the Accelerator-To-Target (A2T), and Dump Line (DmpL).
The following Figure 2 reports the number and the types of
magnets. (Q-Quadrupole, C-Corrector, D-Dipole) in the
above-mentioned sections of the linac.

NEUTRON SCIENCE AND ESS
Neutrons are an unbeatable tool for probing matter not
only at surface level but also deeper in the sample. Europe
hosts two world-leading sources, and ESS, currently under
construction, will continue this relevant role of Europe in
neutron scattering [1]. A detailed description of ESS design
is given in [2]. ESS consists of a proton linac, a target, and
a set of instruments.
While the civil works are still running for the target
building (Fig. 1), the construction of the proton linac is
started inside the tunnel [3], as well as the installation of
the equipment racks in the gallery. Most of the linac
hardware is provided as in-kind contributions from
accelerator laboratories across Europe (currently, 23
partner institutions from 10 countries are involved) [4].

Figure 1: Aerial view of ESS site (April 2019, Photo: Perry
Nordeng/ESS).

Figure 2: SC structure of the linac with magnet types.
Unipolar (PCD1 and PCQs) or bipolar (PCCs) power
converters energize all magnets individually and
independently, with the exception of the two dipoles D1
connected in series. As reported in a previous article [7],
we consider magnets and power converters as two parts of
the same system, optimized as a whole. The following
Table 1 summarizes the magnet types, their number, and
the associated PC types.
Table 1: Magnets and PC for LWUs and Beam Transport
Magnet
Type

Magnet
#

PC
Type

PC
#

Q5
Q6
Q7
Q8
D1
C5
C6
C8

26
95
12
6
2
13
55
4

PCQx
PCQx
PCQx
PCQ8
PCD1
PCCx
PCCx
PCCx

26
95
12
6
1
26
110
8

The corrector magnets C5, C6, and C8 are
H+V combined magnets, each requiring two separate, Four
___________________________________________
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NEW DESIGN OF VACUUM CHAMBERS FOR RADIATION SHIELD
INSTALLATION AT BEAM INJECTION AREA OF J-PARC RCS
J. Kamiya† , H. Kotoku, Y. Shobuda, T. Takayanagi, K. Yamamoto, JAEA/J-PARC, Shirakata,
Tokai, Naka, Ibaraki, Japan
T. Yanagibashi, K. Horino, N. Miki, NAT, Muramatsu, Tokai, Naka, Ibaraki, Japan
Abstract
One of the issues in the J-PARC 3 GeV rapid cycling
synchrotron is the high residual radiation dose around the
beam injection point. A radiation shield is necessary to
reduce radiation exposure of workers when maintenance is
performed there. A space to install the radiation shield
should be secured by newly designing a structure of the
vacuum chamber at the injection point and the alumina
ceramics beam pipes for the shift bump magnets. To make
the space for the shield, the chamber is lengthened along
the beam line and the cross-sectional shape is changed
from circle to rectangle. The displacement and inner stress
of the vacuum chamber due to atmospheric pressure were
evaluated to be enough small by the calculation. For the
ceramics beam pipe’s rf-shield, the damping resistor was
effective to reduce the induced modulation voltages by the
pulsed magnetic field.

This is a preprint — the final version is published with IOP

INTRODUCTION
One of the issues in the J-PARC 3 GeV rapid cycling
synchrotron (RCS) is the high residual radiation dose of the
vacuum chambers and magnets in the beam injection area.
The high radiation is caused by the nuclear scattering due
to the interaction between the beam and a carbon foil for
stripping the electrons of the injected H- beam, which is
called the 1st foil [1]. Fig. 1 shows a typical residual
radiation distribution in the injection area. Residual dose in
the downstream of the 1st foil is larger than that in the
upstream due to the large scattering cross-section at the
forward angle. The highest residual dose is estimated to be
well over 15 mSv/h at the surface of the vacuum chamber
at the beam injection point after the operation with an
extracted beam power of 1 MW. The Effort to prevent
workers radiation exposure during maintenance has been
performed, such as a minimization of the foil hitting
number [2], and control of the workers’ radiation dosage

by recording the pocket dosimeters value every entering
and leaving the tunnel. However, against predicted higher
residual dose for the future higher beam power operation,
radiation shields around the 1st foil should be considered.
The problem against consideration of the radiation shield
is the limited space around the vacuum chamber at the
injection point.
In this paper, the basic concept to make the space for the
radiation shields and the related upgrade for the vacuum
chamber and beam pipes are described. Firstly, the new
configuration of the injection area under consideration is
introduced. Next, the evaluation of the newly designed
vacuum chamber at the injection point is described.
Subsequently, the rf-shield on the alumina ceramics beam
pipes, which is redesigned for the induced magnetic field
damping, is mentioned.

NEW SYSTEM CONFIGURATION UNDER
DESIGNING
Figure 2 a) shows the current configuration around the
injection point. The 4 shift-bump magnets (SB1-4) create
a bump orbit to match the injected H- and circulating proton
beam at the injection point. The beam orbit by the shiftbump magnets and the role of the 1st to 3rd charge stripping
foil are described in the reference [3]. The 2nd foil strips the
electron from the partially electron-stripped beam by the
1st foil, H0. The current SB4 core is a split type to insert the
2nd foil in the middle of the SB4. SB1-3 are designed to be
the same as SB4 for mass production. Orbit calculation
showed that the partially electron-stripped beam, H0,
cannot be transported to the injection beam dump if the
position of the 2nd foil is changed to upstream or
downstream of the SB4. Therefore, as shown in Fig. 2 b),
even in the new design, the SB4 core should be a split type.
Only the SB2 and SB3 cores are changed to the combined
1st foil

a)

SB1

SB2
390 mm
1st foil

b)

SB1

Figure 1: Typical residual dose distribution at the
beam injection area in the RCS about 5 hours after beam
operation with 500 kW power.
___________________________________
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SB2

2nd foil 3rd foil

SB3
SB4
Vacuum chamber
at injection point
2nd foil 3rd foil

SB3

SB4

710 mm
SB magnet core

Ceramics beam pipe

Figure 2: System configuration of the beam injection
area. a) Current configuration. b) New configuration
under designing for the radiation shield installation.
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DIGITAL CONTROL SYSTEM OF
HIGH PRECISION MAGNET POWER SUPPLY FOR SPRING-8-II
C. Kondo†1, T. Fukui, C. Saji1, K. Fukami1, T. Watanabe1, S. Takano1, H. Tanaka,
RIKEN SPring-8 Center, Hyogo 679-5148, Japan,
S. Nakazawa, SES, Hyogo 679-5165, Japan
N. Nishimori, QST, Hyogo 679-5148, Japan
1
also at JASRI, Hyogo 679-5148, Japan
Abstract
Next-generation synchrotron radiation sources, such as
SPring-8 upgrade, require various kinds and large amounts
of magnet power supplies, and most of them are require to
be highly stable. In order to provide many power supplies
with a reasonably low cost in a short production period, we
developed a common current control system using a digital
feedback control technology. The system consists of a
high-precision analog-digital converter (ADC) circuit and
a feedback controller using a field programmable gate array (FPGA). We tested a DC power supply equipped with
the above digital feedback control system, and confirmed
that the current ripple could be suppressed to less than 5
ppm (pk-pk). We also prototyped a high power DC power
supply with 650 A based on a modularization concept. We
also prototyped a DC-link power supply for a steering magnet with synchronized current output between 3 ports.

INTRODUCTION
Next-generation synchrotron radiation (SR) sources aim
to produce order-of-magnitude lower emittance than those
by the third generation SR sources. For the purpose, multibend lattices that include many magnets are designed [1,2].
One of tendencies from the magnet point of view for the
new lattices is that magnets are combined-functioned to fit
in the high packing factor lattice; some magnets are supposed to generate dipole and quadrupole magnetic fields in
a single element, and some is a sextupole magnet embedded with a steering function. Also, required precision of
the magnets may be higher because each magnetic strength
tends to be higher. Accordingly, various kinds and large
amounts of power supplies need to be newly designed and
fabricated.
In case these power supplies (PS) are designed with traditional analog feedback technologies, the control circuits
are to be designed for each PS, and a large cost and a long
period of developments are required. For the reason, we
introduced a digital feedback control technology. The digital control for the accelerator magnet has been developed
for longer than 20 years [3].
We have newly developed a digital feedback control system which can be applied to various magnet power supplies.
By using a high precision analog-digital converter (ADC)
circuit, the precision of the PS is guaranteed. By using a
field programmable gate array (FPGA), the system can be
____________________________________________
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remodelled easily for various model of PS. Thus, we can
suppress the cost and period for the developments.
In this report, we present the design, manufacturing and
test results of our high precision power supplies and the
digital control system.

CONCEPT OF MAGNET PS
Magnet
Magnet system of synchrotron radiation is composed of
a variety of magnets in a wide range of output current. The
multi-pole magnets are grouped to families, each of which
are driven by one high power PS with the driving current
of from 10 to over 200 kW, and each current precision is as
high as 20 ppm (pk-pk) or better.
A number of small current magnets, like as a steering
magnet or a skew magnet, are driven by small power PSs
individually. For the PS, the required current precision is
less than 50 ppm (pk-pk). In some sextuple magnets, auxiliary coils are driven for steering function, and the current
between the 3 pair coil should be balanced to suppress the
multi-pole field. The small power PS also is required a
function of fast current modulation for a beam-based aliment. Therefore, the controller of the PS is required to have
a flexibility to accommodate with the functions.

Overview of Digital Feedback System
Our digital feedback control system can control the current with high precision and can be used to various magnet
PS. A schematic layout of digital feedback system is shown

Figure 1: Schematic diagram of an overview of digital
feedback system.
TUPMP014
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MAGNET POWER SUPPLY CALIBRATION WITH A PORTABLE
CURRENT MEASURING UNIT AT THE J-PARC MAIN RING
Kazuki Miura*, , Tetsushi Shimogawa, Takao Oogoe, Yoshinori Kurimoto, Daichi Naito,
Yuichi Morita, High Energy Accelerator Research Organization, Tsukuba, Ibaraki, Japan Yuu
Kuniyasu, Mitsubishi Electric System & Service Co., Ltd., Tsukuba, Ibaraki, Japan Kazufumi
Ooya, SANKYU PLANT TECHNO Co., Ltd., Chuo-ku, Tokyo, Japan
Ryu Sagawa, Universal Engineering, Mito, Ibaraki, Japan
Abstract
In the J-PARC Main Ring (MR) 96 bending magnets are
employed in total. Every 16 magnets, which are connected
in series, are separately driven by six individual power supplies. Although the power supplies are identically designed, the output currents of the six power supplies are
expected to be slightly different due to individual differences of the electronic circuits used for the current feedback system. To calibrate the output currents, we made a
current measurement unit with a portable DC current transformer (DCCT) as an independent reference, and confirmed the expected performance. Moreover, we measured
the output currents of the six power supplies for the bending magnets. The system will be used for the calibration of
new magnet power supplies [1], whose installation will be
scheduled in 2021.

INTRODUCTION
In the J-PARC MR, 96 bending magnets are employed
in total. Every 16 magnets, which are connected in series,
are separately driven by six individual power supplies. The
group of magnets driven by a single power supply is called
a “family”. Since the six bending magnet families are
symmetrically located in the ring, all output currents of the
six power supplies are required to be same. It is natural that
the six power supplies of the bending magnets are
identically designed. Despite of the identical design,
analog amplifiers and analog-to-digital converters [2],
which are used for current feedback in the power supplies,
have individual differences of their properties. These
differences cause small variations among the six output
currents. Therefore, the output currents of the power
supplies need to be calibrated by an independent current
sensor. The independent current sensor is also useful when
a magnet power supply is replaced with new one to
guarantee the same output current after the replacement.
Actually, most of magnet power supplies in the J-PARC
MR will be replaced with new ones in 2021.
For the calibration of the magnet power supplies, we
make a current measurement unit using a portable DCCT
as an independent current sensor. This report describes not
only the details of the system but also the measurement of
the six power supplies for the bending magnets using the
system.
___________________________________________
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CONFIGURATION OF THE
MEASUREMENT SYSTEM

Figure 1: Configuration of the measurement system.
The configuration of the portable current measurement
unit is shown in Fig.1. A bus bar to which the DCCT head
is attached is inserted between the output terminal of the
BM power supply and the cable. The secondary current of
the DCCT head, which is proportional to the primary
output current, is measured by a digital multimeter
(KEITHLEY Model 2000) via the DCCT amplifier. The
multimeter employs an integral type analog-to-digital
converter. The integration time needs to be longer than 20
ms to achieve the maximum accuracy. This is the reason
that a 250 ms flat-top is added to the current waveform for
the measurement. By taking into accounts the ratio of the
DCCT (HITEC C40-8-3015), which is 3015 A: 1 A, the
measurement accuracy of the output current using the
digital multimeter is down to the order of 1 mA.
Furthermore, the measurement error (standard error) of the
mean value is suppressed to less than 1 mA by taking the
average of all measurements for continuous 1000 cycles of
the pulse shown in Fig 2. This measurement accuracy is
sufficient for a BM power supply with a peak output
current of approximately 1600 A. The timing at which the
digital multimeter acquires the data is controlled by using
a function generator that gives an arbitrary delay to the
operation trigger of the BM power supply, as shown in Fig.
1. The current output in the pattern can be acquired at an
arbitrary time at every operation cycle, and the number of
measurements can also be changed from a PC. The three
points in Fig. 2 represent the measurement of the output
current samples of each BM power supply under the same
measurement conditions (beam energy: A = 3 GeV
TUPMP015
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NEW POWER SUPPLY OF MAIN MAGNETS FOR J-PARC MAIN RING
UPGRADE
T.Shimogawa∗ , Y.Kurimoto, Y.Morita, K.Miura, D.Naito,
High Energy Accelerator Research Organization, Tsukuba, 305-0801, Japan
R.Sagawa, Universal Engineering, Mito, 310-0851, Japan

Abstract

It is planned that the proton beam power provided to experimental facilities increase with shortening repetition period in J-PARC Main Ring (MR). As the shorten repetition
period, the replacement of the power converters for main
magnets in J-PARC MR is necessary to cope with issues
such as power fluctuation of the main grid and increase of
the output voltage. We have considered and developed the
power converters with a 10 MW cass which have the capacitor banks with the large capacitance. In the end of 2017,
the first new power converter for a bending magnets family,
which is the largest power converter in this upgrade plan, was
installed in J-PARC site and the power test is ongoing using
a dummy and the actual load. In this report, the first new
power converter for a bending magnets family in J-PARC
MR is reported including the test results.

INTRODUCTION

J-PARC MR is a high intensity proton synchrotron for
the particle and nuclear physics. The proton beam is accelerated from 3 GeV to 30 GeV in the MR and provided
to experimental facilities [1]. Currently the intensity of the
extraction beam has reached 500 kW. However, We still
need to increase the beam intensity to over a megawatts
(MW) to maintain the international competitiveness. One
of the promising solutions for increasing the beam power is
to shorten the repetition period from current rating 2.48 sec
to 1.3 sec.
The output voltage of the power converter is described as
V = RI + L

dI
,
dt

(1)

where R, L and I are the resistance, the inductance and the
driving current of the magnets, respectively. For faster repetition rate, the driving current of electromagnets must be
ramped up/down faster with the higher voltage power converters. The output power of the power converters also becomes higher and the power variation of the electric system
is expected to increase. Therefore the new power converters need the energy storage system to suppress the power
variation. On the other hands, for the stable operation of
the J-PARC MR, precise output current control of the power
converters is required. Both of the tracking error and the
current ripple of the power converters for the main magnets
should be suppressed at a level of 100 ppm. Consequently,
we have planned to develop new power converters for the
∗
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Table 1: List of Current and Voltage Rated of New Power
Converters and Required Number of Power Converters for
Upgrade
Magnet
family

Flat
Bottom
Current
[A]

Flat
Top
Current
[A]

Output Voltage
at 1.3 sec
repetition
(Peak) [kV]

Number
of
power
converters

Bending

190

1570

6.0

6

Large
quadrupole

80

1000

7.0

4

Small
quadrupole

70

1000

1.5

7

Sextupole

20

200

0.8

3

main magnets, such as bending, quadrupole and sextupole,
and replace the present power converters with the new ones.
The ratings and number of main magnet power converters
required from the J-PARC MR upgrade are shown in Table 1.
Several identical power converters are also needed.
The design of the new power converters and the controllers has been finished. And a power converter for a small
quadrupole magnet family has been already finished test
and installation at 2016 [2] and it has been also used user
operation. The new power converter for a bending magnet
family (BMPS) has been manufactured and installed in the
J-PARC site at the end of 2017.

NEW POWER CONVERTER FOR A
BENDING MAGNET FAMILY
The new BMPS has the output power of 10 MVA. The
schematic circuit and pictures are shown in Fig. 1 and Fig. 2.
The new BMPS consists of 2.5 MVA transformer, 2 series
of 3 phase AC/DC converter, capacitor banks, 6 series of
choppers and output filter. The capacitor bank has a role of
energy storage for suppressing power variation in main grid.
The capacitance of each banks is 0.48 F (0.7 MJ) respectively
[3].

Main Circuit
The new BMPS is adopted the floating capacitor method
[4]. It is designed to be able to reduce the number of rectifier circuits significantly and eliminate the rectifier circuit
of high potential. The each of six choppers is connected a
capacitor bank. There are two types capacitor banks in the
new BMPS. One is the capacitor bank connecting to rectifier
for charging, called charging capacitor. The chopper con-
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DESIGN OF SCANNING MAGNET POWER SUPPLY FOR HUST-PTF *
Xingyu Li, Ping Tan†, Xiude Tu,Yinjie Lin, Yuying Hu, Yecheng Yu, Lige Zhang, Zhongqi Zhang,
State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
Huazhong University of Science and Technology, Wuhan, Hubei 430074, PR China
Abstract
An active scanning proton therapy facility is being developed at Huazhong University of Science and Technology (HUST). By controlling the deflection position of the
beam with scanning magnets at different times, the superposition of discrete spot beams will form a specified shape
and dose distribution conformal to the target tumour. A
high precision and fast response power supply is required
to deflect the beam quickly and accurately. In this paper,
the TOSCA module in Opera3D is used to model and simulate the scanning magnets and to obtain the equivalent inductance of the magnet. Then the calculated equivalent resistance inductance instead of the magnet is used to design
the scanning magnet power supply. A high-voltage bridge
is utilized to achieve fast response speed, and a low voltage
bridge and PI control algorithm is adopted to ensure power
supply accuracy. The Simulation result shows that the designed power supply meets the requirements of response
speed and accuracy.

INTRODUCTION
Due to the Bragg peak characteristics of protons, proton
therapy has attracted attention from various countries in recent years. With supported by National Key Research and
Development Plan, an active scanning proton therapy facility is being developed at Huazhong University of Science and Technology (HUST). The 250MeV proton beam
provided by superconducting cyclotron and it can vary
from 70 MeV to 230 MeV by modulated via the energy
selection system (ESS). Two orthogonal H-type scanning
magnets (SMY and SMX) in the nozzle will controlling the
deflection position of the beam and the superposition of
discrete spot beams will form a specified shape and dose
distribution conformal to the target tumour. And Huazhong
University of Science and Technology Proton Therapy Facility (HUST-PTF) has a 30 × 30 cm2 radiation area at the
iso-center[1]. In order to ensure that the beam can be deflected quickly and accurately, a high precision and fast response power supply is required. This paper mainly describes design of scanning magnet power supply for
HUST-PTF.

SCANNING MAGNET
The main parameters of the scanning magnets are designed as shown in Table 1.The midpoint between the two
scanning magnets is about 2.665m upstream of the iso-center: This establishes the SAD of the nozzle [2]. The gap of
SMY keeps constant cross-section, while the gap of SMX
___________________________________________
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adopts variable taper cross-section to accommodate the deflection envelope of the SMY and reduce excitation current, Different schemes were used tooptimize the integration field uniformity of SMY and SMX to less than
±0.25%. The TOSCA module in Opera3D is used to model
and simulate the scanning magnets and to obtain the equivalent inductance of the magnet. The inductance of the scanning magnet can be calculated as
L=

2× E
I2

(1)

Where L means the equivalent inductance of the scanning magnet (unit: H), E means the energy of the magnet
(unit: J), I means the coil current (unit: A).
Table 1: Main Parameters of Scanning Magnets
Parameter
Max Deflection Angle
SAD
Max Field Strength
Pole Length
Pole Width
Pole Gap
Horizontal
Good field region
Designed Max Current
Max Current for
treatment
Horizontal integration
field uniformity
Inductance
Resistance

Units
mrad
m
T
mm
mm
mm

SMY
60
2.8525
0.49
225
110
70

SMX
70
2.4525
0.53
275
140
86 - 120

mm

64

66

A

334

407

A

285

330

±0.25%

±0.25%

6
46

11
70

mH
mΩ

POWER SUPPLIES
Requirements
The spot spacing of HUST-PTF is 5 mm, and the excitation currents of the SMY and SMX are 9.5A and 11A, respectively. The excitation current adjustment times of
SMY and SMX between spot and spot are 100μs and
400μs, and maximum current slope are 95 kA/s and 27.5
kA/s. And they are also required to control their currents to
a level of 100 ppm. One of the essential parameters in
power supply design is maximum current slope. Due to
SMY and SMX power supplies are similar, this paper only
focuses on the design of SMY power supply that demands
more stringent specifications. Taking the scan width as
±10mm as an example, the ideal spot scan current pattern
of the SMY power supply is shown in Fig. 1. Based on scan
current and scan magnet parameters, the maximum dynamic output voltage can be calculated as[3]
TUPMP017
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FEASIBILITY TESTS OF A VACUUM SYSTEM FOR SPring-8-II
K. Tamura†, M. Masaki, H. Ohkuma*, M. Shoji, Y. Taniuchi, JASRI, Hyogo 679-5198, Japan
T. Bizen, M. Oishi and S. Takahashi, JASRI/RIKEN SPring-8 Center, Hyogo 679-5148, Japan

Abstract
For SPring-8-II, the major upgrade of SPring-8 [1, 2], a
test half-cell including permanent/electro magnets and a
vacuum system was constructed [3], and hardware feasibility tests were performed by the end of October 2018. This
paper overviews the vacuum system, mainly a stainless
steel 12-meter-long integrated chamber (LIC), developed
for the test half-cell, and describes vacuum performance
and assembly tests conducted with the permanent/electro
magnets. Investigations of inner copper plating, welding
and permeability of the chambers observed by dismantling
the test half-cell vacuum system are also presented.

INTRODUCTION

SPring-8, the third generation synchrotron radiation
(SR) facility, has started the user operation in 1997. Since
then, while making various improvements on the accelerators and beamlines, SPring-8 has been continuing stable
and reliable operation. However, in order to meet the user’s
demand desiring higher brilliant and more coherent SR,
R&D for SPring-8-II was launched and a five-bend achromat lattice design at an electron energy of 6 GeV was proposed. Estimated value of the emittance with the damping
effect by insertion devices is 100 pm·rad, which enables to
result in tens of higher brilliance compared with current
SPring-8. Hardware was also designed to accommodate to
the proposed lattice design, considering minimization of a
blackout period of the user operation due to replacement of
the existing storage ring with new one.
Main features of the SPring-8-II vacuum system are 1)
introduction of the concept of a stainless steel (SS) 12-meter-long integrated chamber (LIC) with welded structure,
and 2) adoption of ex-situ baking of the chamber [4]. We
designed the 12-m LIC with a narrow aperture, flangeless
structure and a minimum number of bellows so that the
vacuum system could be installed without interference
with the magnets of a narrow bore diameter aligned on

___________________________________________
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common girders with a severe packing factor. In order to
realize a short blackout period as possible, the 12 m-LIC is
planned to be moved into the accelerator tunnel with maintaining ultra-high vacuum (UHV) by closing thin gate
valves (Transport Gate Valve: TGV) attached at both ends,
after ex-situ baking and NEG activation.
As a last stage of the hardware developments for SPring8-II, we constructed a test half-cell to investigate the feasibility of each sub-system and check the interferences with
the magnet systems. The next section outlines the test halfcell vacuum system, and the following sections describe
the results of feasibility tests, dismantling investigations of
the test half-cell vacuum system.

TEST HALF-CELL VACUUM SYSTEM
Figure 1 shows a layout of the test half-cell vacuum system. The 12-m LIC consists of five unit chambers, three
straight section chambers (SSC2, SSC3 and SSC4) and two
bending section chambers (BSC1 and BSC2) integrated by
TIG welding. Two unit chambers (SSC1 and BSC3) have
CF4-1/2 flanges at both ends. They are placed between an
insertion device chamber and a 12-m LIC, and between two
12-m LICs, respectively.
Typical cross section of a beam chamber of SSC is 30
mm × 16 mm octagon of 2 mm thickness with a 5 mm
height slot and an antechamber as shown in Fig. 2. The inner top and bottom surfaces of the beam chamber are plated
with copper more than 100 m thick to reduce the resistive
wall impedance. Any SSCs consist of five parts. They are
jointed in a sequence by laser beam welding (LBW) with
low-heat input, which makes it possible to produce a chamber with less cross-sectional deformation and bending.
Since there is only a clearance of 0.5 ~ 1 mm between the
chamber and the magnet poles, the chambers need to be
produced with tight mechanical tolerances to keep the
clearance. Each chamber was manufactured with a
straightness of 1 mm or less per 2 m in length.

half-cell vacuum system.
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VACUUM PERFORMANCE OF THE NEG-COATED CHAMBER FOR U#19
AT PF-RING
Y. Tanimoto†, T. Nogami, X.G. Jin, M. Yamamoto, R. Takai, T. Honda,
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

At the Photon Factory storage ring (PF-ring) in KEK, a
new APPLE-II type elliptically polarizing undulator U#19
was installed in October 2018. The U#19 vacuum chamber
is 4.1 m in length, and the beam channel with a 15×90 elliptical profile and two cooling-water channels alongside
were formed by extrusion of A6060-T6 aluminum alloy.
The inner surface of the beam channel is coated with a TiZr-V non-evaporable getter (NEG) thin film, as it has a
high effective pumping speed and a low photon stimulated
desorption (PSD) yield. After the installation of the U#19,
the NEG coating was activated at 160 ºC for 48 hours. As
a result, the pressures in the neighboring chambers reached
as low as 10-8 Pa. The conditioning of the vacuum chambers with irradiation of Synchrotron radiation (SR) evolved
as favorably as expected by Synrad+ and Molflow+ coupled simulations, leading to a smooth recovery of the beam
lifetime. Vacuum performance of the NEG-coated chamber
was assessed by static and dynamic pressure measurements. The properties of the NEG film were characterized
by surface analyses.

The characterization of the NEG film itself is also essential because the crystal structure closely affects its vacuum
performance [6,7]. For this purpose, surface analyses were
performed on a sample coupon coated together with the
U#19 chamber.

NEG-COATED VACUUM CHAMBER
The U#19 has four movable magnet arrays, each of
which measures 3740 mm in length, and their vertical minimum gap is 24 mm. To be housed in the U#19, the vacuum
chamber, made of extruded A6060-T6 aluminum alloy, has
external dimensions of H20×W290×L4100. Figure 1
shows the cross-sectional profile of the U#19 chamber. The
beam channel has a 15×90 elliptical profile with a tolerance
of ±0.15 mm. Two cooling-water channels alongside the
beam channel are to remove an SR heat load of 340 W from
the 2.5 GeV, 450 mA electron beam. According to the
Synrad+ simulation, one cooling-water channel takes out a
direct SR power of 300 W and the other a reflected and
scattered SR power of 40 W.
Beam channel
15x90 ellipse

90

INTRODUCTION

Since 2005 when the PF-ring underwent the straight-section upgrade [1], 12 insertion devices in total (8 in-air and
4 in-vacuum) have been renewed or newly installed. In late
2018, as a successor to the revolver type multi-undulator
Rev#19, an APPLE-II type elliptically polarizing undulator
U#19 [2] was installed and commissioned successfully.
The U#19 employed a NEG-coated vacuum chamber because the NEG coating is capable of providing two essential vacuum properties [3]: 1) a highly effective pumping
speed especially in a long and narrow chamber, and 2) an
extremely low PSD yield [4], by which the conditioning
time can be reduced. The U#19 chamber is the first NEGcoated chamber at PF-ring, and this experience also bears
an implication toward exploiting the advantages of the
NEG-coating technology at future SR light sources in Japan. Throughout this activity, we also expect to establish
an effective activation procedure for a long NEG-coated
chamber in actual accelerator environment, as well as to
accumulate practical experiences in a long-term operation.
In the design of the U#19 vacuum system, vacuum properties affected by SR irradiation were carefully considered.
In order to confirm that the vacuum performance of the
U#19 chamber should be as high as those of other conventional undulators, the conditioning behavior of the PSD
outgassing was estimated by the Synrad+ and Molflow+
coupled simulations [5].
___________________________________________
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Figure 1: Cross-sectional profile of the U#19 chamber.
On the both ends of the chamber, DN160CF flanges,
made of aluminum/stainless-steel explosion-bonded clad
material (Asahi Kasei BACLAD™), were machined and
TIG-welded. In order to avoid direct SR irradiation on
stainless steel, the upstream flange is shadowed by a photon absorber upstream, and the downstream flange has a 2
mm wider opening.
The Ti-Zr-V NEG thin films were deposited by SAES
Getters S.p.A. on the elliptical beam channel and on a sample coupon with film thicknesses ranging from 1.0 to 2.0
µm.

SURFACE ANALYSES
As the vacuum performance of a Ti-Zr-V NEG film correlates closely with its crystal structure, surface analyses
were performed on a sample film deposited on a silicon
substrate.
Microscopic images of the NEG film were taken with
JEOL JSM-7900F field emission scanning electron microscope (FE-SEM). Figure 2 (a) shows a surface morphology,
revealing that the film consists of fine grains of 10~20 nm.
These fine grains and increased grain boundaries are considered to play a key role in elevating oxygen diffusivity
during activation. Figure 2 (b) is a cross sectional view of
MC7: Accelerator Technology
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THE RESEARCH ON THE CALIBRATION OF
DIRECT CURRENT-CURRENT TRANSFORMER*
C. Han†, P. Liu, X. L. Guo, Y. Gao, Institute of High Energy Physics, CAS, Beijing, China

Abstract

The measurement accuracy of direct current-current
transformer (DCCT) is one of the key factors influencing
the output of high-precision direct current power supply.
In this paper, a calibration system designed by measuring
resistance principle with a high accuracy direct current
comparator (DCC) was presented for DCCT whose
measurement accuracy is better than 10-5. The system can
achieve high-precision calibration of DCCT within the
measurement range of 0-400 A, and the uncertainty of the
system calibration is better than 1.1×10-6 in the whole
range. The accuracy and linearity of DCCT are tested to
verify the accuracy of the whole calibration system,
thereby the current accuracy of the magnet power supply
can be further improved.

INTRODUCTION

As one of the core components of accelerator highprecision current power supply, Direct current-current
transducer (DCCT) directly determines the current accuracy and stability. DCCT is the core component to ensure
the stability, repeatability and accuracy of the power supply and it is also one of the key technologies for the development of future high-precision steady-current power
supply. For the accuracy and repeatability of power supply (it can be regarded as the synthesis of short-term accuracy and long-term stability), it is necessary to establish
a precision test and calibration system to realize the calibration of DCCT and improve the accuracy of power
supply.
The accuracy test method based on current comparator
(DCC) was first used to measure resistance, which is
based on the principle of zero flux balance. With the maturity of current comparison technology, DCC is also used
to measure the accuracy of DCCT. DCCT accuracy calibration is by comparing the output current of the measured DCCT and the standard range extender. This test
method would not be affected by the current source accuracy, and the measurement uncertainty is as high as 0.3
PPM in the range of 100A. China has carried out the
research on DCCT calibration technology [1-2], and the
DCCT calibration is basically realized by comparison. In
Beijing electron-positron collider renovation project, the
calibration of DCCT is realized by comparing the standard DCCT (as a reference) with the measured DCCT [3].
Comparison method can achieve rapid calibration of
multiple DCCTs, but for the whole calibration system, the
main problems are as follow.
1. Calibration results are affected by the accuracy of the
reference DCCT.
____________________________________________
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2. The data acquisitions of measured DCCT and standard reference DCCT are not conducted synchronously,
and the measurement results are susceptible to power
supply noise and current ripple. Considering the influence
of these two factors, the calibration result of the system is
only 100 PPM.
In this paper, a calibration method based on the DCC
bridge is proposed, in which DCCT is equivalent to resistance to achieve high precision calibration.

DCC BRIDGE MEASUREMENT
PRINCIPLE
The method based on the DCC bridge proposed in this
paper will be used to calibrate and improve the test accuracy of DCCT. DCCT is used to measure current and
convert large current to low voltage, which can be equivalent to one resistor. It is the theoretical basis of the calibration system that DCCT is equivalent to resistance.
According to the principle of flux balance, the resistance
is calibrated by adjusting the ratio of winding turns in the
primary and secondary circuits of the bridge.
DCC is a kind of measuring instrument that can measure the ratio between two currents with high accuracy.
Figure 1 shows the schematic diagram of DCC bridge
measurement.

Figure 1: Schematic diagram of DCC bridge measurement.

Is Ns  I x N x , I x / I s  N x / Ns

（1）

Rx / Rs  I s / I x  N x / Ns , Rx  ( N x / Ns )  Rs （2）
The output of the high-power current source is directly
connected to the range expander. The purpose of the current reducer is to reduce the current in equal proportion to
the coil turns. The measured current is scaled down to the
optimal operating current of the DCC bridge. The reduced
current is directly connected to the input port of bridge Rs
as the reference while the DCCT output is connected to
the bridge Rx as the measured signal. In the bridge, the
current comparison coil is adjusted to achieve potential
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COMPARISON OF TIZRV NON-EVAPORABLE GETTER FILMS
DEPOSITED BY DC MAGNETRON SPUTTERING OR QUANTITATIVE
DEPOSITION
Xiaoqin Ge, Jieqiong Shao, Yigang Wang, Wei Wei, Bo Zhang∗ , Sihui Wang, Yuxin Zhang,
Weimin Li, Yong Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Abstract
Ti-Zr-V non-evaporable getter (NEG) films have been
widely used in vacuum chambers of various accelerators
since their discovery. Recently, we have used a new method
called "quantitative deposition" to deposit Ti-Zr-V NEG
films on nichrome substrates. The surface morphology and
surface chemical bonding information were collected by
scanning electron microscopy. Although the film deposited
by DC magnetron sputtering has more uniform grain growth,
smoother grain boundaries and higher porosity, the two films
all have porous network structure and can be used as getter
films.

This is a preprint — the final version is published with IOP

INTRODUCTION
Non-evaporable getters (NEG) are now widely used in
large particle accelerators, colliders and small precision ultrahigh vacuum devices to create ultra-high vacuum environments. A NEG film is applied to the inner wall of the vacuum chamber to change the wall from a venting source to a
ventable surface. It will directly improve the vacuum degree
of particle accelerators, which is quite negative for long-time
operation.
After decades of development, NEG has been produced in
many different ways. Vacuum coating is a commonly used
coating method, which is a method of applying a special
performance coating on a solid surface by physical or chemical means in a vacuum environment [1]. Vacuum coating
can be divided into Physical Vapor Deposition (PVD) and
Chemical Vapor Deposition (CVD) [2]. PVD is a process
that uses physical methods to achieve controlled transfer of
material atoms from source to film. Commonly used PVD
methods are evaporation coating, sputter coating, and ion
plating. CVD is a technique in which a chemical substance
in a gaseous or a vapor state forms a solid deposit at a gas
phase or a gas-solid interface by a chemical reaction using
heating, plasma excitation, and light irradiation. Different
methods can be used to obtain films with different structures
and properties [3]. Non-evaporable thin film getters are usually prepared by vapor deposition, screen printing, coating,
etc., among which magnetron sputtering is most commonly
used. We deposited a 720 nm thick film on a Si (111) substrate using DC magnetron sputtering. In addition, we have
devised a new method called quantitative deposition. In this
method, Ti, Zr and Hf powders were mixed in a ratio of 1:1:1
∗
†

zhbo@ustc.edu.cn
ywang@ustc.edu.cn
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and uniformly placed on a nichrome substrate, then sintered
in a vacuum tube furnace to form a film with a thickness of
about 30 µm.
Herein, scanning electron microscopy (SEM) was used
to detect the films produced by the two methods and we
found that the two films have similar properties. This work
provides a very convenient new coating method, quantitative deposition method, and confirms the feasibility of this
method.

EXPERIMENTAL PROCEDURES
Using DC Magnetron Sputtering
A layer of Ti-Zr-V film was deposited on the Si substrate
using DC magnetron sputtering. The specific experimental
procedure has been discussed in our previous article [4].
The substrate was ultrasonically cleaned, then immersed in
a dilute HF solution, finally rinsed in deionized water and
dried with nitrogen gas. The cathode target was made of
three twisted metal wires (Ti, Zr, and V) with a purity of
99.9%, 99.5% and 99.5%, respectively. The discharge gas is
Kr gas which is more stable than Ar gas. The main coating
parameters are coating time (8 h), discharge current (0.2
A), magnetic field strength (200 G), working pressure (2 P)
and cathode voltage (-500 V). The DC magnetron sputtering
coating system is showed in Fig. 1 with a stainless steel pipe
to be plated.

Figure 1: DC magnetron sputtering coating system.

Using Quantitative Deposition
The apparatus for quantitative deposition consists of a
vacuum tube furnace, a turbo molecular pump and a vacuum
gauge as shown in Fig. 2. The prepared nichrome substrate
is first sanded to increase its roughness and enhance the

TUPMP021
1283

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPMP022

RESEARCH ON DIGITAL SCANNING POWER SUPPLY TECHNOLOGY
FOR PROTON THERAPY SYSTEM
J. Huang†, M. Fan, J. Yang, L.G. Zhang, T. Yu, C. Zuo
State Key Laboratory of Advanced Electromagnetic Engineering and Technology
Huazhong University of Science and Technology, Wuhan, Hubei, China

Abstract
Proton has great advantages in the field of cancer
radiotherapy because of its good characteristic of Bragg
peak. HUST-PTF is a proton therapy facility under
development in Huazhong University of science and
technology. It delivers the beam to the patients with a
pencil beam scanning nozzle. Scanning power supplies are
placed in the nozzle of the proton therapy device and they
are required high accuracy, high speed and high stability.
In this paper，the structure diagram of HUST-PTF is
shown. The parameters of scanning magnets and its power
supply are introduced. Finally, some test results of power
supply are shown. The next work will debug the control
system of the scanning power supply and adjust it with the
scanning magnet to see if it meets the design requirements.

INTRODUCTION

The scanning magnet system is the core component of
active scanning technology in proton therapy, and contains
two pole iron (SMX and SMY) which are vertically placed,
and the proton beam is scanned in two directions
according to the shape of the tumour [1-4]. According to
the treatment requirement, the proton beam is required to
form an irradiation area of 30 cm to 30 cm at the
isocentre of the Gantry.
The schematic layout of the nozzle in the HUST-PTF is
shown in Fig. 1. The proton beam enters in the nozzle
through a 30 um kapton window. In front of the window,
there is a pixel ionization chamber, it’s used to measure the
beam profile to verify the beam size and beam position. A
chamber filled with 1 ATM Helium gas following the
kapton window is used to reduce the scattering effect of the
proton beam. Two scanning magnets in X and Y direction
are used to control the beam position at isocentre.

Figure 1: Schematic layout of the nozzle in the HUST-PTF.
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PARAMETERS OF SCANNING POWER
SUPPLY
The SAD (Source to Axis Distance) in HUST-PTF is
designed as 2.45 m, as shown in Fig. 2.

Figure 2: SAD size of HUST-PTF.
The parameters of scanning magnet power supply are
specified in Table 1.
Table 1: The Parameters of Scanning Magnet Power
Supply

Scanning Field
Size@isocenter

SMX
SMY
30 cm X 30 cm

Magnet Parameters
Max. Deflection Angle
58 mrad
Magnet Gap
50 mm
Magnet Pole Width
90 mm
Max. B
0.55 T
Coil Parameters
Coil Type
Racetrack
NI (2 coils)
22000 A
N
6×6/Φ3
mm
Imax
470 A
Inductance (2 coils)
6 mH
Resistance (2 coils)
40 mOhm
Power Supply
Repetition Frequency
100 Hz
Stepping of output
16 A
current
Change rate of current
40 kA/s
Long-term stability
500 ppm

70 mrad
120 mm
160 mm
0.4 T
Racetrack
40000 A
8×8/Φ4
mm
420 A
18 mH
50 mOhm
10 Hz
15.2 A
38 kA/s
500 ppm

TEST RESULTS OF SCANNING POWER
SUPPLY
Under the condition of rated load, the power supply can
output current 500 A, as shown in Fig. 3.
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DESIGN OF DIGITAL CONTROLLER FOR MULTI MODULE SERIESPARALLEL ACCELERATOR POWER SUPPLY
J. Li, Y. Liu, X. Qi, W.Q. Zhang
Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China
also at Dongguan Neutron Science Center, 523803 Dongguan, China

Abstract
With the development of accelerators, Accelerator
physics require power supply output high voltage and
current (Peak power reached MWs). And the current stability requirements better than 10ppm. Therefore, the
power supply is mostly used in the mode of module series-parallel. However, during actual commissioning, the
power supply often does not run at rated current. If the
power supply is running at less than 30% of the rated
current, the power output current stability will drop sharply. This topic designed a set of digital controller for multimodule serial-parallel control. The digital controller can
automatically adjust the number of input modules according to the current setting, and can automatically allocate
the required PWM number of the module. While taking
into account the synchronization between the various
modules, Ensure the power supply is always running at an
optimal working condition. Through a special AD conversion hardware design and advanced closed-loop controller
algorithm, the digital controller can provide up to 20
high-resolution PWM signals to drive power conversion
devices.

INTRODUCTION

According to the new requirement of accelerator physics for power supply, power supply design is developing
towards high power or super high power. Due to the limitation of electronic components, multi-module seriesparallel connection is widely used to improve the output
voltage capability of power supply and the output current
capability of power supply by parallel connection. And
the ordinary medium and small power supply is also
changing to modular power supply. In the past, the accelerator power supply was customized one by one according to the physical needs, and each power supply was
different [1]. A large amount of R&D and design costs are
needed, and there are many kinds of spare parts for power
supply. With a modular power supply, it is only necessary
to develop a modular power supply that can be connected
in series with the module power supply to the required
output current and voltage.
This topic intends to design an adaptive control system
of modular power supply, which can judge the number of
modules to be put in by detecting the actual output voltage and current of the power supply through program
control. The module is switched on and off according to
different power levels to realize on-line module switching,
and the precise control of the algorithm ensures that the
switching process is stable and controllable and does not
affect the overall output stability [2]. At the same time,
TUPMP023
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the automatic exit function of the failed module is designed. When individual modules fail, the controller can
automatically cut off the driving signal of the module.
Through the self-adaptive control of modular power supply, some modules do not output power when the accelerator is running, which invisibly increases the redundancy
of power supply system and improves reliability, through
the automatic withdrawal function of fault module, the
failure time of power supply can also be reduced and the
operation efficiency of accelerator can be improved.
Firstly, the multi-module series-parallel circuit simulation system is built by the simulation software of
MATLAB, and the multi-module power supply circuit is
designed to verify the PWM automatic allocation algorithm and adaptive control program. Then, the hardware
of the multi-module series-parallel circuit digital controller is designed, and the main board, AD board and backboard of the digital controller are drawn, and the debugging is completed. Finally, the algorithm is debugged on
the hardware circuit.

MATLAB SIMULATION OF MULTIMODULE SERIES-PARALLEL POWER
SUPPLY
A set of 10-module power supply is built through the
simulation software of MATLAB. The power supply
module can be connected in series and parallel. In order to
verify the program, the module is initially connected in
series with 10 modules. As shown in Fig. 1.

Figure 1: MATLAB simulation diagram.
The internal connection diagram of the module is
shown in Fig. 2. The ideal DC source is used as the bus
voltage, the H bridge circuit composed of IGBT is used
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RESEARCH ON MODULE DESIGN AND NETWORK MANAGEMENT OF
ACCELERATOR POWER SUPPLY SYSTEM*
L. Li#, S.Y. Chen, C. Han, P. Liu, Institute of High Energy Physics, CAS, Beijing, China
Abstract
Accelerator power supply system is a very special system. Many factors such as high number of power supplies, uninterrupted operation and unreasonable design
lead to high failure rate, long maintenance time and the
discovery of the fault is not timely, which bring a lot of
unnecessary troubles to the operator. In this paper, a networked control method for accelerator power supply is
studied, and the power supply parallel connection technology is used to maximize the trouble-free time of the
power supply and increase the redundancy performance
of the power supply. With independent networked control,
the accelerator power supply system becomes a whole, no
longer relying solely on the control of the accelerator
control system, but in a network system with selfdiagnosis and self-healing. Through the monitoring and
management of the upper computer, the power supply
system will be work stable, and the function of remote
operation and remote repair of the power supply is realized finally. This is a research direction for the operation
of large accelerator power supply systems in the future.

Figure 1: Power system control interface of BEPCII.

INTRODUCTION
The BEPCII accelerator power system is controlled by
a central control room. The remote power-on, remote
shutdown, and current setting of the power supply can
only be done by the central control room. When the power supply encounter minor problems and needs to be restored，The staff calls the power system personnel to
come to repair or replace the backup power supply, which
will delay the operation of the entire collider. The power
system control interface of BEPCII is shown in Fig. 1.
The reliable operation of the accelerator power system
is important for the long-term effective operation of the
entire accelerator. The use of multi-module parallel technology to achieve a reduction in power failure rate, to
achieve high reliability of the power system operation is
an ideal choice for accelerator power. The mode of remote control of PS is shown in Fig. 2.
In addition to the reliability of the power supply itself,
there is a need for improvement in the management of the
power system. For example, a remote power control system helps to recover from failures quickly. If the power
system owner can replace the backup power supply
through a remote system, the recovery time will be reduced.

___________________________________________
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Figure 2: The mode of remote control of PS.

MULTI-MODULE DESIGN
The design of the 4+1 module parallel power supply is
an effective method to reduce the initial failure rate of the
power supply. The structure diagram of multi-module is
shown in Fig. 3.

Figure 3: Structure diagram of multi-module.

TUPMP024
1291

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPMP025

DESIGN OF FAST CORRECTOR POWER SUPPLY FOR HEPS
P. Liu†, C. Han, F. L. Long1,
Key Laboratory of Particle Acceleration Physics and Technology, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing 100049, China
1
also at University of Chinese Academy of Sciences, CAS, Beijing 100049, China

Abstract

Table 1: Specifications of Fast Corrector Power Supply

High energy photon source is a fourth-generation synchrotron radiation light source with energy of 6Gev and ultra-low emittance (<0.1nm•rad). [1] The ultra-low beam
emittance requires high beam stability. Therefore, we develop a fast corrector power supply with high bandwidth
and low current ripple to improve the performance of the
fast close orbit correction system to prove the high beam
stability. The power supply adopts FPGA for full-digital
control and use high speed ADC with temperature control.
The power supply has a small signal-bandwidth of 10 kHz
and output current ripple lower than 20ppm. In this paper,
we will describe the hardware design and software control
methods and the test results will be demonstrated.

Parameters
Maximum output current (A)
Magnet inductance (mH)
Magnet resistance (mR)
Stability (@<8h)(ppm)
Small signal bandwidth(kHz)
（ 1% max）
Large signal bandwidth(Hz)
Output current ripple(ppm)

Value
15
15mH
80
100
10
100
20

INTRODUCTION

The Chinese high energy synchrotron radiation light
source to be constructed soon is a high energy synchrotron
radiation light source with an electronic energy of 6 GeV
and an emittance less than 0.1nm •rad. [1] A high performance fast track feedback system (FOFB) system is required to meet the strict beam position requirements and
keep the beam in the set closed-loop orbit. The fast track
feedback system consists of three key components: beam
position measurement (BPM), track compensation computing unit and fast magnet correction power supply system.
Fast correcting magnet power supply requires 10 kHz
bandwidth and the lowest possible output current ripple.
In the paper, the fast corrector power supply adopt
switch-mode power supply. In order to achieve 10 kHz
small signal bandwidth，The hardware topology of the
power supply is different from that of the conventional H
bridge circuit. The software is controlled by classical PI
and the phase correction is designed carefully. The actual
performance of the whole system is simulated in MATLAB
software, and a prototype is developed for test. Specific
data and curves will be given in this paper.

Figure 1: Schematic of power supply.
The power supply adopts the bipolar PWM modulation
mode, Fig. 2 shows the system switching mode. The Hbridge PWM control method adopts the carrier phase shift
control strategy, the phase shift time T is set as shown in
Eq. (1) ,where N is number of H-bridge.

MODELING AND SIMULATION

Due to the actual physical requirements of HEPS, the
requirements of fast corrector power supply are shown in
Table 1.
Fast corrector power supply adopt mutli-level topology.
Figure 1 shows the schematic of the fast corrector power
supply.

___________________________________________
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Figure 2: System switching mode.
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RESEARCH AND DESIGN OF DIGITAL MAGNET POWER SUPPLY CONTROLLER FOR HALS*
Z. X. Shao, H. Gao, H.Y. Zhang, P. Liu, G.W. Liu, X.K. Sun†
NSRL, University of Science and Technology of China, Hefei, CHINA
Abstract
Hefei Advanced Light Source (HALS) is the fourth-generation radiation light source in China which is under design. Ultra-low beam emittance requires higher performance of power supply system. The power supply controller is a key part of the power system. This article describes
the design and testing of high-stability power controllers
and fast corrector power supply controllers. A new controller architecture is proposed for the problems of the two
controllers.

This is a preprint — the final version is published with IOP

INTRODUCTION
The magnet power system is the key system to ensure
the stable operation of the particle accelerator. The development of particle accelerators and synchrotron sources
has placed higher demands on magnet power systems [1,
2]. Accelerator magnet power relies to some extent on digital control techniques, including power on/off, condition
monitoring and protection, digital setting of current, and
digital closed loop control. The digital controller of the
power supply also needs to be equipped with various communication interfaces for easy access to the EPICS system.
The analog control circuit has the disadvantages of low
control precision, inconvenient parameter adjustment, severe temperature drift and easy aging. Analog integrated
control chips also have problems such as high consumption
power, low integration, and low versatility. The use of digital control technology instead of analog can avoid the
above shortcomings and improve the control precision and
system flexibility of the entire power supply. Digital power
controllers have become a hot topic of research. SLS is the
world's first fully digitally controlled device. The accuracy
of the LHC's main superconducting magnet power supply
has been improved with digital regulators. However, the
current digital control board also has some problems, such
as the PWM resolution is affected by the frequency of the
digital chip, the stability of the ADC sampling feedback is
insufficient, the interface is not uniform, and can only be
applied to a specific power supply, etc.
In this case, we have designed several new magnet
power controllers for high-precision quadrupole and sextupole magnet power supplies and fast-correcting magnet
power supplies. And finally try to integrate all the functions
on the same type of control board. The high-precision control board was developed based on the mode of DSP plus
FPGA, and the fast corrector control card was developed
using ARM STM32 chip as the core. Finally, combining
___________________________________________
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the advantages of the two cards and analyzing the deficiencies, a new control card scheme is proposed. In addition,
the track feedback system has high requirements on the
real-time response characteristics of the power supply. We
try to integrate the real-time Ethernet POWERLINK protocol on the power control card, which makes the remote
control faster and simpler. This paper introduces the research progress, design scheme and related test results of
the control card in detail.

DIGITAL CONTROLLERS
High Stability Control Card Design
The controller consists of the core card, sampling card,
power card and interface card modules. The core control
board adopts the structure of DSP+FPGA. TI's dual-core
DSP chip TMS320F28377D is selected. The single-core
main frequency is 200 MHz. All communication functions
of the control board are completed by the sub-core, and
other functions are completed by the main core. Using ALTERA's Hurricane 4 Series FPGA-EP4CE10E22I7, it has
91 programmable I/O interfaces, which can be satisfied for
most logic control. The AD7606 and AD7634 are selected
respectively to complete voltage and current sampling,
communicates with the sampling chips by the full rate of
the FPGA, and then reads from the DSP to the FPGA
through the parallel port, and the read rate can be adjusted.
Figure 1 shows the schematic diagram of fast correcting
magnet power supply.

Figure 1: Schematic diagram of high stability control card.
The controller adopts double closed loop control of output voltage and output current. The current is given by the
computer, and the error value of the current is obtained by
comparing with the feedback current. The output voltage
loop is calculated by the output current loop PI regulator,
and then the output voltage value of the H-bridge can be
obtained by the voltage loop PI regulator.
To ensure that the control system is not affected by the
sampling noise, digital filtering is added before the current
feedback and voltage feedback respectively. At the same
TUPMP027
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RESEARCH PROGRESS OF POWER SUPPLY SYSTEM IN HALS *
Z. X. Shao, H. Y. Zhang, P. Liu, G. W. Liu, H. Gao, L. Wang†
NSRL, University of Science and Technology of China, Hefei, CHINA

Abstract
Hefei Advanced Light Source (HALS) is the fourth-generation light source in China's planning and construction.
In order to achieve the diffraction limit of the emission and
improve the beam quality, the research on magnet power
supply (MPS) technology is essential. We have designed a
variety of solutions for different power supplies. We designed the first version of the high stability power supply
control card. The first version of the high-stability power
supply control card was designed and tested with a small
power module. Our pre-research system has developed a
corrector magnet power supply with a small signal response bandwidth higher than 10 kHz. The developed prototypes use self-developed controllers, and most of the test
results can meet the requirements. This article describes the
progress of the HALS power supply system.

INTRODUCTION

International accelerators have been thoroughly researched on magnet power supplies [1-3]. The HALS preresearch power system is pre-researched around the highprecision DC stabilized current power supply and fast-response corrected magnet power supply involved in the
HALS magnet power supply system. The specific design
specifications are shown in Table 1.
According to the development content and acceptance
indicators specified in the mission book, we have carried
out the design and development of the following prototypes and control cards:
(1) Digital controller of ultra-high stability power supply
It includes the following parts: high-precision analog-todigital converter, digital regulator control algorithm, highaccuracy pulse width modulation signal, remote control
communication interface selection and digital signal processing system implementation [4].
(2) Digital controller of fast response power supply
The main difference from the previous controller is the
communication between the control card and the sampling
card and the implementation of the remote communication
method. The core chip selection is also different [5].
(3) Fully digital power supply prototype
Including two sets of dipole MPS prototypes, two sets of
quadrupole MPS prototypes and three fast-corrector
switching power supply prototypes, and two fast-corrector
linear power prototypes. Multiple power supplies work at
the same time to check the anti-interference ability and stability of the digital control system and power supply equipment.

Table 1: HALS Pre-Research Power Supply Prototype Design Indicators
Category

Parameter
Long-term stability

Specifications
10 ppm

(8h)
High
stability
MPS

Current ripple

5 ppm

(50Hz and above)
Output current resolution
Current reproducibility
Small signal response
bandwidth

Fast
response
MPS

Output current resolution
Long-term stability
(8h)
Given response rate

10 ppm
20 ppm
5 kHz
20 ppm
100 ppm
10 kHz

POWER SUPPLY DESIGN PROGRESS
Dipole MPS
The main loop topology of 800 A/200 V dipole magnet
power supply prototype adopts 12-pulse isolation rectifier,
simultaneously in parallel with the Buck chopper module.
The number of stages is based on the specific output current. 12-pulse isolation rectifier reduces the power supply
ripple. The chopper circuit is controlled in parallel by multiple power modules, and the equivalent switching frequency of the power supply output can be n times the actual
switching frequency of the IGBT device. The frequency increasing filter circuit is small in size and low in frequency
ripple. The principle block diagram is shown in Figure 1.

___________________________________________
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Figure 1: Block diagram of dipole magnet power supply.
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ESTABLISHING A LASER TREATMENT TO SUPPRESS THE
SECONDARY ELECTRON EMISSION
Y.G. Wang, S.W. Wang, B.L. Zhu, X.T. Pei, B. Zhang, X.G. Ge, Y. Wang *,
University of Science and Technology of China, National Synchrotron Radiation Laboratory,
Hefei 230029, China
Abstract
Laser treatment has a significant influence on suppressing the secondary electron emission (SEE) in electron storage rings. A new synchrotron radiation light source, the Hefei Advanced Light Source(HALS), is under consideration
and it has a strict requirement to suppress the SEE. In this
paper, we used a laser with the wavelength of 355nm to
process with copper sample. After the laser treatment, the
secondary electron yield (SEY) reduces from 2.05 to 0.86.
We also used the scanning electron microscope (SEM) to
analysis the surface of the sample after the laser treatment.
This paper reports the experiment set up and preliminary
results.

10μm. The sample is fixed on a three dimensional highprecision mobile platform. In order to make the surface of
sample consistent with the focus spot, the z axis of the platform is moved, and the x, y axes are used to control the
scanning speed and interval. The copper sample is used,
with a size of 1515mm and a thickness of 0.5mm.

Laser Instrument
A Nd:YVO4 laser instrument is used to generate the laser pulses. The output power has a good stability, which is
smaller than3%RMS, and �2 1.2. The laser instrument is
shown in Fig. 1.

This is a preprint — the final version is published with IOP

INTRODUCTION
In the next generation synchrotron light sources, the
electron cloud (E-cloud) is a factor limiting the beam energy, intensity and lifetime of the electron beam in the storage ring. It has been studied in many synchrotron facilities.
Many mothed have been studied and applied in the accelerators such as coating with low SEY material (TiN, a-C,
NEG), and modifying geometry on the surface [1]. As a
new method to suppress the E-cloud, laser treatment
method has a lot of advantages. It is easy to implement,
with low cost and high stability [2].
The diffraction-limited storage ring, HALS, is a base on
the National Synchrotron Radiation Laboratory(NSRL). It
has higher requirements in beam intensity and vacuum system. Reducing the secondary electron yield (SEY) of the
vacuum tube is essential. The method of laser treatment on
the accelerator vacuum chamber has been researched since
2014 [3], which has been applied on the High Luminosity
upgrade of the LHC collider (HL-LHC) in CERN [4]. To
make use of the advantages of laser treatment method on
reducing the SEY, this paper reports a preliminary study of
this method with a laser treatment instrument on the copper
material. The experiment result shows this method can effectively reduce the SEY of the copper material.

EXPERIMENT INSTRUMENTS

In this paper, an ultraviolet (UV) laser with =355nm is
used, which has a repetition frequency in the range
20~200kHz, and an avenge power of 3W. An optical path
system is designed to fulfil the requirement of a much
smaller laser spot. After the parallel beam emits from the
laser instrument, it passes through a 10 expander lens
firstly, and then focused by lens with the focus spot being
___________________________________________

* ywang@ustc.edu.cn

MC7: Accelerator Technology
T14 Vacuum Technology

Figure 1: Schematic of the laser instrument.

Focus System

Figure 2: Schematic of the focus system.
The focus system in Fig.2 is consisted of a 10 expander
lens and a special laser focusing lens. In order to obtain a
much smaller spot at the focus, the divergence angle is reduced by using the 10 expander. The laser focusing lens
is specifically designed for the laser instrument in this work.

Three-dimensional Scanning System

Figure 3: Schematic of the three dimensional high-precision mobile platform. The left figure shows the adjustment
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RESEARCH ON SECONDARY ELECTRON EMISSION
CHARACTERISTICS OF DIAMOND-LIKE CARBON THIN FILMS
Yuxin Zhang, Yigang Wang, Xiaoqin Ge, Bo Zhang∗ , Wei Wei, Sihui Wang, Bangle Zhu,
Jieqiong Shao, Weimin Li, Yong Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
EXPERIMENTAL

Abstract
In modern particle accelerators, the build-up of electron
cloud is a main limiting factor for the achievement of highquality beam. Among the techniques to mitigate it, coating
the internal walls of the beam pipes with a thin film which
has a low secondary electron yield (SEY) is considered to
be one of the most effective means. From several earlier
studies, it was found that diamond-like carbon (DLC) thin
films are potential coatings. This paper is mainly about
the research on secondary electron emission characteristics
of DLC thin films. The secondary electron emission (SEE)
tests were done at temperature of 298 K and vacuum pressure
of 2 × 10−9 Torr. Here, we obtained the characteristics of
the SEE from DLC film coatings with different thickness
under ultrahigh-vacuum (UHV) conditions. The maximum
secondary electron yield (SEY), δmax , of the DLC thin films
under different primary electron doses were also obtained,
respectively.

INTRODUCTION

For modern high-energy accelerators, electron cloud
which is typically initiated by ionization of residual gas or
from electron generation when stray beam particles strike
the chamber is considered as one of the main limitations to
obtain high luminosity and high quality beams, especially
for proton and positron rings. Many laboratories have been
dedicated to eliminate electron cloud occurring in the beam
pipes so far, such as CERN [1], SuperKEKB [2], SLAC
[3]. In practice, solutions to suppress electron cloud mainly
include: (a) modifying the vacuum chamber surface with
grooves or slots [4]; (b) modifying the vacuum chamber surface by laser ablation engineering [5]; (c) coating vacuum
chamber surface with a thin film layer with lower secondary
electron yield (SEY) than the vacuum chamber itself [6];
(d) different combinations of above. A thin film coating
is considered as the most natural way among the methods.
From many studies, DLC thin films is a potential material.
In the present study, secondary electron emission characteristics of DLC thin films with various thickness have been
investigated conditioning different electron bombardment
dose. In addition, X-ray Photoelectron Spectroscopy (XPS)
have been used to investigate the characters of DLC thin
films.
∗
†

zhbo@ustc.edu.cn
ywang@ustc.edu.cn
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SEY Measurement Set-up and Procedures
A secondary electron emission test system has been designed to measure the SEY of materials, which mainly consists of an ultra-high vacuum chamber, a pretreatment vacuum chamber, TMP pumping system, magnetic transmission
system, power supply system, data acquisition and processing system. The main vacuum chamber is installed with a
Kimball Physics EGL-2022 electron gun directed towards
the sample at a 90 degree. The electron gun provides an
energy spectrum of 50 eV to 5000 eV on the samples at
Emission Current Control (ECC) mode. A Keithley 2400
pico-Ammeter is connected to the sample which can apply
bias voltage and indirectly measure the SEY of the sample
during the test. It has an accuracy of 0.024%. The vacuum chamber is grounded during SEY measurements. The
pretreatment vacuum chamber is used for pre-pumping to
greatly shorten the experiment period. The electron dose during the test was 1×10−8 , 2×10−8 , 5×10−8 , 1×10−7 C·mm−2 ,
respectively. All the measurements were performed at 298
K and the pressure is about 2 × 10−9 Torr.

Figure 1: Schematic diagram of the SEY measurement.
When an electron beam hits the surface of a sample, it
will emit electrons which are called secondary electrons.
The secondary electron yield is defined as the ratio of the
number of secondary electrons emitted from a surface, ISEY ,
to the number of electrons incident to that surface, IP . The
SEY values are calculated by the following equation:
δ=

ISEY
It
=1− ,
IP
IP

(1)

where It is the total current which is measured by applying
-20 V bias voltage that excludes all low energy secondary
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DESIGN OF ANALOG TO DIGITAL CONVERTER SCHEME FOR HIGH PRECISION ELECTROMAGNET POWER SUPPLY
Min-Jae Kim†, Jang Hui Han, Seong-Hun Jeong, Young-Gyu Jung, Dong Eon Kim, Hong-Gi Lee,
Sangbong Lee, Sojeong Lee, bong-Gi Oh, Hyung Suck Suh, Heung-Sik Kang, Ki-Hyeon Park,
PAL, POSTECH, Pohang, Korea
Yoon-Geol Choi, Department of Electrical Engineering, POSTECH, Pohang, Korea
Minsung Kim, Department of Electrical Engineering, Dongguk University, Seoul, Korea
Abstract
This paper deals with the design of an analogue-to-digital converter (ADC) scheme for a highly precise magnet
current supply (MPS). The MPSs are requires with stable
and precise current specification in range of the ppm. To
meet the requirements, the AD circuit is composed of parallel ADCs of low-medium resolution. Digitally, the oversampling and averaging are performed to increase both the
effective resolution and the signal to noise ratio (SNR). The
implemented AD circuit was improved about 18 dB
(32 times oversampling). The MPS applied by the proposed ADC scheme provides more precise control and the
stable current within 10 ppm at 200 A. The experiment
used a dipole magnet of the PAL-XFEL and its results
proved feasibility through precisely measurable
DVM3458A (Keysight Co.).

DESIGN OF CONTROL SYSTEM FOR
NOISE REDUCTION
Configuration of the Control System
The control system (Fig. 1) is divided into a gate driver,
ADC & DSP, an interlock, and a power board.

INTRODUCTION
The PAL-XFEL requires high stability of beam energy
(< 0.01%), and measurement and steering of beam trajectory to < 2 μm [1]. To meet these requirements, the accelerator facility needs a highly-stable magnet current supply
(MPS) with high precision of a few parts per million (ppm).
The particle accelerator gallery is afflicted by many
sources of noise, so current control within a few ppm is a
difficult task. Because of this high noise level, the precision
feedback signals cannot be sampled. Among the MPS
parts, the resolution of the analog-to-digital (AD) circuit
has the greatest effect on the control precision. Therefore,
the AD board was designed with parallel analog-to-digital
converter (ADC) chips, and its signal grounds are separated to decrease the noise between analogue and digital
circuits. In software, oversampling is performed using a
DSP that converts the analogue signal into digital with a
higher sampling rate than the required period. Then a large
amount of sampling data is averaged for each control period. This method increases the signal-to-noise ratio (SNR)
in a noisy environment such as the PAL-XFEL gallery.
When the developed ADC scheme is applied to the MPS,
it has current stability within 5 ppm and the control precision is confirmed to be in 10 ppm steps. The load of MPS
was applied to a dipole magnet of 200A class on the PALXFEL. The proposed ADC scheme facilitates precise and
stable current control within a few ppm.

MC7: Accelerator Technology
T11 Power Supplies

Figure 1: Configuration of the control system.
The control system is modularized (Fig. 2) to simplify
maintenance. The DSP board performs main tasks such as
current control, PWM generation, communication with
other equipment, initial charge, and monitoring.

Figure 2: Control board diagram of the MPS.
The PWM signals are conducted to the power stack
through optic cables. The interlock circuit has a function of
detecting the MPS fault signal and shutting off the PWM
output. The power board supplies the control system. The
ADC board is the most important part for highly-precise
control. For this reason, we provide the cleanest possible
TUPMP032
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DESIGN OF THE NEUTRON IMAGING DIFFERENTIAL PUMPING LINE
AT LLNL*
J. A. Caggiano†, D. Castronovo, P. Fitsos, D. J. Gibson, J. Hall, M.S. Johnson, R. A. Marsh
B. Rusnak, Lawrence Livermore National Laboratory, Livermore, USA

Abstract
The neutron imaging system at LLNL is a radiographic
capability for imaging objects with fast, quasi-monoenergetic neutrons at ≤1mm spatial resolution. The neutron production source is a deuteron beam (4 or 7 MeV) incident
upon a rotating, high-pressure, windowless, pure-deuterium gas target. The windowless nature of the target combined with the high pressure leads to significant gas leakage upstream of the neutron production target. This leakage
degrades the imaging quality by (1) increasing the depthof-field blurring and (2) increasing the beam diameter and
divergence in the transverse direction via angular straggling in the residual gas. To mitigate these effects, and
guided by bench tests and simulations, we designed a differential pumping line (DPL) to ensure the highest quality
imaging system. The system consists of three primary
stages (chambers), each separated by carefully shaped apertures. These apertures can be long and thin with low-angle tapers due to the high quality of the beam optics (convergence at the target < 5mrad) and low emittance of the
beam (~5 pi mm-mrad). The primary cascaded roots pumps
are sized to remove >99% of the incoming mass flow in
each stage, ensuring that by the third stage furthest from
the target, turbomolecular pumps are able to operate in a
nominal ~mTorr range. We anticipate full system testing
with helium in mid 2019.

produce quasi-monenergetic 7 or 10 MeV neutrons, respectively. The NI system relies on beam pulses that are coincident with the opening of a shutter in a rotary valving system [2,3,4]. The beam pulses are incident upon a high pressure, windowless target; the rotating shutter opens for approximately 1 millisecond, and closes for approximately
16 milliseconds. This coincidence makes a burst of fast
neutrons, but the resulting pulse of gas upstream to the
beamline must be managed effectively to minimize various
image-degrading effects, such as beam angular straggling,
beam spot blooming, and depth-of-field blurring.

Differential Pumping Line
The design of the DPL is essentially a combination of
three main design features: (1) lots of massive pumps, (2)
long, thin, low-conductance apertures and (3) directional
flow (see Figure 1).

MOTIVATION

X-ray radiography has a long history of high-resolution
imaging, but is less effective for very radiographicallythick objects. Further, it is challenging to see features in
low-z, low-density objects behind high-density, high-z objects. Fast neutron imaging is able of overcoming these
limitations in some circumstances because of the penetrability of the fast neutrons in those specific situations. Fast
neutron imaging can be thought of as complementary to
high-energy x-ray imaging since neutrons and x-rays penetrate different materials in different ways, allowing for a
differential diagnosis of sorts [1].

DESIGN

Neutron Imaging System

The Neutron Imaging (NI) accelerators accelerate d+
ions to 4 or 7 MeV and strike the windowless gas target to

Figure 1: The final beamline components of the NI system
at LLNL. (top) rendering of the concept, target shield removed. (bottom) horizontal cross section of the DPL, including notional target shielding.

*
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A MODULAR OPTICAL FIRING INTERFACE FOR CERN'S
GENERIC POWER CONVERTER CONTROL PLATFORM
M. Di Cosmo, T. Gaime, B. Todd, CERN, Geneva, Switzerland
Abstract
The power converters group at CERN has developed a
third generic converter controller (FGC3) and regulation
platform (RegFGC3), capable of controlling any of
CERN's power converters. This platform provides electrical connections to the low-level control elements of power
converters, and in some cases a galvanic isolation is required between the converter controller output, and the
power converter under control. To meet these requirements, a companion optical firing platform has been developed, which converts the electrical firing pulses from the
RegFGC3 and FGC3 platforms into optical drive signals.
This platform provides various protection mechanisms to
verify the integrity of the firing information. For example,
checking for illegal firing states, dead-time, and drive errors. In order to provide a more scalable and generic solution to cover various user requirements, this platform has
been subsequently upgraded to a modular system. This paper describes the first version of the proposed solution, the
Optical Firing Interface and then it focuses on its scalable
and modular version, the Modular Optical Firing Interface.
Basic principles, design and configurations in use are described.

INTRODUCTION
Nowadays, isolated gate drivers are widely used across
many industries such as automotive, telecommunication
and power distribution [1] [2]. Physical and electrical isolation is required for various reasons. Protection from high
voltages surges and common voltages differences are classical examples of risks leading to isolation requirements.
In industrial applications, control electronics usually stands
at a significant lower voltage than the power electronics.
Therefore, low-voltage electronics needs to be isolated
from hazardous voltages in order to protect the equipment
as well as the operating personnel. Noise rejection and EMI
reduction are other classical isolation needs in noisy environments such as factories and power plants.
Isolation can be achieved mainly through three different
means: inductive, capacitive and optical. At high voltages
(>1200V) optical insulation offers several advantages
when compared to inductive and capacitive such as very
high EMI immunity and very good insulation can be
achieved. Many commercial-of-the-shelf optically isolated
gate drivers are available today in the market. In addition
to gate driving, fibre optical transmission is also used to
transfer faults and statuses from the power converter to the
controller. Following this trend in the industry, some of the
new power converter topologies being developed at CERN
require optical isolation for monitoring and control.
MC7: Accelerator Technology
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POPSB, the converter used to power the Proton Synchrotron Booster machine magnets, is one example of application requiring optical firing. Figure 1 shows the isolated
IGBT driver currently used in the POPSB.

Figure 1 : View of an isolated IGBT module.

THE REGFGC3 OPTICAL FIRING INTERFACE
The RegFGC3 is the result of a joint development effort
for a robust, reliable and generic cross-platform control
system for power converter control at CERN [3]. Using a
scalable and flexible approach, different boards have been
designed to cover specific control functionalities such as
analogue protection, regulation and signal acquisition. The
interface with the high power switching components consists of a variable number of electrical signals (0-15Volts),
while commands and statuses are exchanged using dry
contacts and relays. The first RegFGC3 based converter requiring optical firing was the POPSB system [4]. This converter is based on a four quadrant “H-Bridge” topology
consisting of three parallel legs sharing the current. Each
leg consists of a stack of four IGBTs (Figure 2) for a total
of 12 switching components. Every IGBT driver interface
consists of a control signal (the firing pulse) and a status
signal. The firing pulse is a simple ON/OFF signal issued
by the control system firing board while the feedback signal is a flag released by the IGBT driver module to
acknowledge the conduction. Different protection mechanisms are required to prevent the control system from sending illegal conduction states to the IGBTs.
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DESIGN OF THE VACUUM SYSTEM OF THE FCC-ee
ELECTRON-POSITRON COLLIDER
C. Garion, R. Kersevan†, CERN, 1211 Geneva 23, Switzerland
Abstract
The Future Circular Collider (FCC) Design Study includes a high-luminosity, low-emittance, two-ring storage
ring (FCC-ee) where electrons and positrons are stored and
made to collide inside two detectors.
The vacuum system of FCC-ee must be designed in order to deal with a lower-energy (45.6 GeV), high-current
(1390 mA) Z-pole machine and at a final stage with a
higher-energy (175-182.5 GeV) low-current (6.4-5.4 mA).
Two intermediate energies are also envisioned. The lowerenergy machine turns out to be the most challenging one
from the point of view of vacuum, since the photon-stimulated desorption (PSD) generated by the copious synchrotron radiation (SR) fans is quite large.
Optimization of the pressure profiles has been carried
out by means of extensive coupled monte-carlo simulations
and optimization, for SR and molecular flow.
For the higher energy versions of the machine, for which
the SR spectra are characterized by critical energies well
above the Compton edge, the localized absorbers facilitate
also shielding the tunnel and any radiation-sensitive machine components from scattered gamma-ray photon damage, by installing short high-Z shielding material around
the absorbers.

SYNCHROTRON RADIATION SPECTRA
AND GAS LOADS
The FCC-ee machine detailed in the Conceptual Design
Report (CDR) is a twin-ring 100 km circumference, roomtemperature collider. It aims at accumulating very large integrated luminosities at energies corresponding to the resonances of the Z, W+-, and H bosons, and the top quark
(ttbar). The corresponding beam energies are 45.6, 80, 120,
182.5 GeV [1]. The plan is to incrementally increase the
beam energy, starting with several years of operation at the
Z-pole, and then increasing the beam energy in parallel
with the installation of superconducting RF cavities. Like
for the single-ring LEP predecessor, one of the main limitations of such a circular e-e+ collider is the emission of
SR. For practical purposes, it has been decided to limit to
50 MW the amount of SR power P generated by each beam.
Since P scales as the 4th power of the beam energy, the common 50 MW limit means that the corresponding beam currents vary a lot. They are 1390, 147, 29, 5.4 mA, respectively (see Machine Parameters on Table S.1 in [1]).
While several concepts have been considered at the beginning, the design retained for the Conceptual Design Report (CDR) is one where the cross-section of the vacuum
___________________________________________
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chamber (VC) in the arcs is a scaled-down version of the
one implemented in the SUPERKEKB collider [2].
Contrary to SUPERKEKB tough, the SR fans are absorbed by many short absorbers, with average spacing of
~6 m. This allows localizing the PSD gas load and placing
lumped pumps in front of the SR absorbers, thus maximizing the pumping efficiency and radiation shielding [3, 4].
The VC design is compatible with the design adopted for
the common-yoke dipoles and quadrupoles. The VC material is OFS copper alloy, with stainless steel (SS) flanges as
beaseline (also considering CuZrCr as in [2]).
On the other hand, the linear SR photon flux F’ scales
linearly with the beam current, and therefore the corresponding total photon flux (arc dipoles only), varies linearly with the currents: 7.10∙1017, 1.36∙1017, 4.09∙1016, and
1.17∙1016 ph/s/m, respectively.
The critical energy c of the SR spectrum (median of the
power spectrum) scales as the cube of the beam energy, i.e.
19.5, 105.5, 356.1, 1252.8 keV, respectively. When c is
above 100 keV the Compton effect becomes predominant
with respect to the photoelectric one [5]. Compton-scattered photons are generated within a very broad solid angle, contrary to the primary SR photon fan which is highly
directional and contained within a very narrow (vertically)
pseudo-gaussian distribution with FWHM scaling as 1/,
with  the relativistic factor. For the H and ttbar versions of
the machine pair-creation is also a factor to consider.
It is a well-known fact, that SR photons are capable of
generating molecular desorption from the vacuum chamber
(VC) surfaces. Neglecting for a moment the Compton photons, which would increase the total outgassing load [5], it
is generally assumed that the corresponding linear outgassing load Q’, expressed in mbar∙l/s/m, is proportional to the
linear SR photon flux F’.
The corresponding linear gas loads Q’ (assuming that
each primary SR photon has a molecular desorption yield
of 2∙10-6 mol/ph, i.e. a well-conditioned machine), are
5.74∙10-8, 1.10∙10-8, 3.30∙10-9, and 9.48∙10-10 mbar∙l/s/m,
respectively, within arc dipoles.
We aim at stably running the collider at nominal currents
at an average arc pressure <P> around 2.0∙10-9 mbar, in order to reduce beam-gas scattering and residual gas ionization, which could lead to ion-instabilities in the e- ring, and
electron-cloud (EC) in the e+ ring, in addition to beam
blow-up and emittance degradation [6].
As a rule of thumb, the values for Q’ indicated above
mean that we need to have effective linear pumping speeds
S’ of the order of S’= Q’/ <P> = 28.7 l/s/m at the Z-pole.
The W, H, and ttbar beam energies are less demanding
in terms of vacuum specifications, except possibly for the
experimental interaction-regions [7], which are not detailed here for lack of space.
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RESULTS ON THE FCC-hh BEAM SCREEN SAWTOOTH AT THE KIT
ELECTRON STORAGE RING KARA*
L. A. Gonzalez, CERN, Geneva, Switzerland
F. Perez, I. Bellafont, ALBA, Barcelona, Spain
V. Baglin, P. Chiggiato, C. Garion, R, Kersevan, CERN, Geneva, Switzerland
S. Casalbuoni, E. Huttel, IBPT-KIT, Karlsruhe, Germany
Abstract
In the framework of the EuroCirCol collaboration [1]
(work package 4 "Cryogenic Beam Vacuum System"), the
fabrication of the FCC-hh beam screen (BS) prototype has
been carried out with the aim of testing it at room
temperature on the Karlsruhe Institute of Technology
(KIT) 2.5 GeV electron storage ring KARA (KArlsruhe
Research Accelerator) light source. The BS prototype was
tested on a beamline installed by the collaboration, named
as BEam Screen TEstbench EXperiment (BESTEX).
KARA has been chosen because its synchrotron radiation
(SR) spectrum, photon flux and power match quite well the
one foreseen for the 50+50 TeV FCC-hh proton collider.
The BS prototype (2 m in length) was manufactured
according to the base line design (BD) of the FCC-hh BS.
It implements a saw-tooth profile designed to absorb the
SR generated at the bending magnets. Also, a laser-ablated
anti-electron cloud surface texturing [2] was applied at the
BS inner walls. We present here the results obtained at
BESTEX and the comparison of the results obtained during
irradiation of the saw-tooth profile at different geometric
configurations.

INTRODUCTION
The Future Circular hadron Collider (FCC-hh) aims to
provide hadron collision at a center of mass of 100 TeV
[3]. In such a scenario, proton beams travelling through
FCC-hh´s arcs would originate unprecedented levels of
Synchrotron Radiation (SR) for hadron machines. Table 1.
shows a comparison between the main SR related
parameters of LHC and FCC-hh.
SR is known to be at the origin of many detrimental
beam effects [4]. In order to preserve the vacuum stability
of the machine’s vacuum chamber, a novel shaped beam
screen (BS) has been designed to minimize the SR related
photo-desorption, photo-electron generation and heat load
effects at FCC-hh [5].
One FCC-hh BS prototype has been manufactured
according to the current BD and tested at the BEam Screen
Testbench EXperiment (BESTEX) installed in the 2.5 GeV
electron storage ring KARA (KArlsruhe Research

Accelerator) light source at the Karlsruhe Institute of
Technology (KIT). KARA has been chosen due to its
similarities with FCC-hh in terms of SR spectrum, photon
flux and power.
Table 1: Comparison between LHC and FCC-hh SR
Parameters
SR on BS
SR Power [W/m]
SR Flux* [ph/m/s]
Critical E [eV]
Glancing Angle
[mrad]

LHC
0.2
4.2·1016
44.2
5.06

FCC-hh
32
1.5·1017
4.3·103
1.34

BESTEX
32
4.85·1016
6.2·103
18

*Photon Energy above 4eV at nominal operation

EXPERIMENTAL DETAILS
Experimental Setup
BESTEX is an experimental instrument that allows to
study SR induced effects on non-leak tight tubular samples
under ultra-high vacuum (UHV) [6, 7]. A schematic layout
of BESTEX is presented in Fig. 1. The incoming SR can
be collimated so that the shape of the incoming photon
beam, as well as its photon flux and power, can be tuned.
Also, the setup can be pivoted about a vertical axis so as to
be able to irradiate at any required glancing angle. Table 1.
shows the SR parameters of BESTEX after photon beam
collimation in comparison with those for FCC-hh.
A calibrated vacuum Bayard Alpert Gauge (BAG),
together with a calibrated residual gas analizer (RGA), is
installed at the middle point of the setup. Such
configuration allows to measure photo desorption yields
from the inner part of the sample under study by using a
chimney connection as depicted in Fig. 1.
A water-cooled photon absorber is placed at the back end
of the setup. The absorber is equipped with an electricallyinsulated electrode on which a positive bias voltage can be
applied so as to measure the photo-electrons generated
during photon irradiation, and from it derive the fraction of
reflected photons.

_____________________
*The European Circular Energy-Frontier Collider Study (EuroCirCol)
project has received funding from the European Union's Horizon 2020
research and innovation programme under grant No 654305. The
information herein only reflects the views of its authors and the European
Commission is not responsible for any use that may be made of the
information.
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RECENT DEVELOPMENTS OF MONTE-CARLO CODES
MOLFLOW+ AND SYNRAD+
R. Kersevan,† M. Ady, CERN, Geneva, Switzerland
Abstract
Molflow+ and Synrad+ are Monte Carlo simulation tools
for ultra-high vacuum and synchrotron radiation, respectively. Over the years they have become a common tool for
designing and analysing the vacuum system of particle accelerators. This contribution gives a short summary about
new features added since the last IPAC contribution [1].
Synrad+ now supports low flux mode, a weighted Monte
Carlo technique where the represented number of photons
is reduced at every reflection, providing significantly better
statistics at low flux regions. As for Molflow+, angle maps
allow recording the molecules’ directional distribution at
any point, and then desorb a reduced gas quantity according to the recording. In linear systems, this allows iterative
simulations that have been proven to treat systems up to 7
orders of magnitude of pressure difference. Without the
new technique the computing time would be prohibitively
slow on desktop computers, which is what most users of
the two codes use.
Both codes now have a built-in geometry builder that allows creating simple models through a set of 3D operations
and modifying those imported from CAD tools.
Molflow+ has been extended with additional diagnostic
tools, such as a logger that records properties of all hits on
a scoring surface, and histogram plotters that visualize the
distribution of the number of bounces, the distance to absorption and the time of flight of the gas molecules. The
codes have recently become open source, and it has been
made compatible with, and tested on different versions of
Linux and macOS.

CODE OVERVIEW
Molflow+ is a simulator for ultra-high vacuum that has
been written in the 1990s and ported to modern C++ based
code in 2007 [2]. It uses the test-particle Monte Carlo
method, tracing the trajectory of virtual gas molecules from
source (a gas injection or thermal outgassing location) to
absorption (typically a vacuum pump). The geometry is
represented as vacuum boundaries (walls) with polygons.
These polygons, extended with physical properties (temperature, sticking and outgassing, sojourn time, etc.) are referred to as facets.
As the simulation is running, several counters record hits
that belong either to entire facets, or cells of post-processing entities called textures or profiles. Since the number of counters is defined before the simulation is launched,
the memory requirement remains the same throughout a
run. Using these counters, physical quantities such as pressure, density and impingement rates are calculated and updated on the screen every second. The calculated values
___________________________________________
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and the color-coded textures and profile plots fluctuate
with each screen update, but as the statistical error of testparticle MC simulations decreases with the square root of
the number of hits [3], they converge to the solution over
time. This allows the user to decide when the results are
accurate enough to stop the run, at which point they are
visualized internally or exported for further post-processing.
Synrad+ is a code forked from Molflow+, using the same
ray-tracing engine. Instead of gas molecules, it traces photons originating from magnetic accelerator elements. These
elements, typically dipoles, quadrupoles or periodic elements like wigglers, are referred to as magnetic regions.
With user input defining beam properties, starting point position and direction, they are represented as a number of
trajectory points, each of which can generate a virtual photon representing a certain photon flux. These virtual photons are then traced through the geometry, hitting wall facets. Upon a hit, reflection, absorption, and optionally
backscattering and transmission probabilities depend on
the wall material, roughness, incident angle and photon energy. Such probability tables are included for a few metals
and can be defined for new materials by the user.
The two codes share file formats and their interface is
similar. A coupled usage of the two codes would be first
simulating flux absorption with Synrad+, then converting
it to dynamic outgassing in Molflow+ and finally proceeding with a vacuum simulation, as demonstrated in [4].

NEW TOOLS FOR THE GEOMETRY
Earlier versions of the codes imported the geometry
through the STL file format, which is extensively supported by CAD programs due to its popularity in 3D printing. That format describes solid bodies’ surfaces by a list
of triangles, which Molflow+ merges by detecting coplanar
and adjacent triangles, colinear sides and shared triangle
vertices. Nevertheless, simplifying a real 3D model to a
vacuum geometry is a non-trivial process: ideally an experienced mechanical engineer removes non-relevant parts
(screws, flanges, mechanical supports), inverts the volume
by converting voids in the structure to solid parts, then simplifies curved parts (which can only be described by a large
number of planar facets) and joins walls to prevent leaks.
Even if done correctly, many CAD programs introduce
small rounding errors during the conversion to STL format,
and the meshing of surfaces to triangles is arbitrary, making Molflow+ post-processing (orienting textures, etc.) difficult.

Geometry Editor
Due to the issues above, and since many users of the
codes are physicist without access to professional CAD
tools, a geometry editor was added to the codes, that allows
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SUMMARY OF MODELLING STUDIES ON THE BEAM INDUCED
VACUUM EFFECTS IN THE FCC-hh
I. Bellafont 1 , ALBA Synchrotron, 08290 Cerdanyola del Vallès, Barcelona, Spain
L. Mether 2 , R. Kersevan ∗ , CERN, CH-1211 Geneva, Switzerland
1 also at CERN, CH-1211 Geneva, Switzerland 2 also at EPFL, CH-1015 Lausanne, Switzerland
Abstract
EuroCirCol is a conceptual design study of a Future Circular Collider (FCC-hh) which aims to expand the current
energy and luminosity frontiers that the LHC has established.
The vacuum chamber of this 50 TeV, 100 km collider, will
have to cope with unprecedented levels of synchrotron radiation power for proton colliders, dealing simultaneously with
a tighter magnet aperture. Since the high radiation power
and photon ﬂux will release large amounts of gas into the
system, the diﬃculty to keep a low level of residual gas density increases considerably compared with the LHC. This
article presents a study of the beam induced vacuum eﬀects
for the FCC-hh novel conditions, the diﬀerent phenomena
which, owing to the presence of the beam, have an impact on
the vacuum level of the accelerator. To achieve this, a novel
beam screen has been proposed, featuring speciﬁc mitigating
measures aimed at dealing with the beam induced eﬀects.
It is concluded that thanks to the new beam screen design,
the vacuum level in the FCC-hh shall be adequate, allowing
to reach the molecular density requirement of better than
1×1015 H2 /m3 with baseline beam parameters within the
ﬁrst months of conditioning.

INTRODUCTION
The FCC-hh is a superconducting proton collider designed
to reach 50 TeV per beam [1, 2], around 7 times higher
than the LHC, which was designed to reach 7 TeV. This
increase in particle energy has dramatic consequences in
the vacuum system design. It implies an increment in the
emitted synchrotron radiation (SR) power (P) by a factor of
160, going from 0.22 W/m in the LHC up to 35.4 W/m in the
FCC-hh (see Table 1), with critical energies (εc ) of 43.8 eV
and 4286 eV, respectively.
Larger amounts of gas are then expected to be desorbed
from the vacuum chamber walls in dynamic mode, since both
the photon stimulated desorption (PSD) and the electron
stimulated desorption (ESD), the eﬀects with the largest
outgassing rate contribution, depend on the εc .
In order to enhance the system’s pumping speed and to
mitigate the beam induced vacuum eﬀects, a new beam
screen (BS) has been designed [3]. At the cost of a higher
complexity and manufacturing costs, it intends to guarantee
a good vacuum level within aﬀordable conditioning times
for the much demanding conditions of the FCC-hh.
∗
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Table 1: Comparison of the LHC’s and the FCC-hh’s Relevant Baseline Parameters [2, 4]
Parameter
Energy [TeV]
Current [mA]
Circumference [km]
Beam screen temperature [K]
Dipole magnetic ﬁeld [T]
Photon ﬂux [ph m−1 s−1 ]
SR critical energy [eV]
SR power [W/m MB arc]

LHC

FCC-hh

7
580
26.7
5-20
8.3
1 × 1017
43.8
0.22

50
500
100
40-60
15.96
1.7 × 1017
4286
35.4

THE FCC-hh NEW BEAM SCREEN
Figure 1 shows a view of the FCC-hh BS. As in the LHC,
its main purpose is to absorb the power generated by SR,
e-cloud, beam induced currents and wake losses at higher
temperatures (40-60 K) than the cold mass (1.9 K) decreasing in this manner the cooling power. In addition, it prevents
the emitted SR fan to directly hit the cold bore, an event
which would lead to a re-desorption of the gas condensed
on the coldest surface and thus to a pressure increase inside
the vacuum chamber.
&RROLQJFKDQQHO
+H.
36WDLQOHVV
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Figure 1: FCC-hh beam screen for dipoles.
As a principal novelty, the BS features a double chamber layout, hiding the pumping holes from the beam’s sight
and allowing them to be much larger, yielding a pumping
speed of 898 l s−1 m−1 (for H2 at 40 K, calculated from the
inner chamber). Being placed in the secondary chamber,
the pumping holes don’t contribute to the total impedance
budget and the e-cloud cannot be leaked through them. The
TUPMP038
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DATA-DRIVEN CONTROLLER DESIGN USING THE CERN POWER
CONVERTER CONTROL LIBRARIES (CCLIBS)
Achille Nicoletti, Michele Martino ∗
CERN, Geneva, Switzerland
di

Abstract
r

The data-driven control approach is a control methodology in which a controller is designed without the need of
a model. Parametric uncertainties and the associated unmodeled dynamics are therefore irrelevant; the only source
of uncertainty comes from the measurement process. The
CERN Power Converter Control Libraries (CCLIBS) have
been updated to include data-driven H-inĄnity control methods recently proposed in literature. In particular, a two-step
convex optimization algorithm is performed for obtaining the
2-degree-of-freedom controller parameters. The newly implemented tools in CCLIBS can be used both for frequency
response measurement of the load and for controller synthesis. A case study is presented where these tools are used for
an application in the CERN East Area Renovation Project
for which a high-precision 900 A trapezoidal current pulse
is required with 450 ms Ćat-top and 350 ms ramp-up and
ramp-down times. The tracking error must remain within +/100 parts-per-million (ppm) during the Ćat-top (before the
ramp-down phase starts). The magnet considered in the case
study is of non-laminated iron type, hence the necessity of
data-driven techniques since the dynamics of such a magnet
is diicult to be modeled accurately (due to eddy currents
losses). The power converter used is a SIRIUS 2P (with a
current and voltage rating of 400 Arms and 450 V, respectively) whose digital control loop is regulated at a sampling
rate of 5 kS/s.

This is a preprint — the final version is published with IOP

INTRODUCTION
The CERN power converter control libraries [1] have
recently been updated to include tools both for frequency
response function (FRF) measurement and for data-driven
design of power converters digital control. The data-driven
approach mitigates the problems associated with modelbased controller designs (such as unmodeled dynamics);
this ensures that the measurement process is the only source
of uncertainty. A survey on the diferences between the
model-based control and data-driven control schemes has
been addressed in [2], among many others. Data-driven
control schemes can be realized in the time-domain and
frequency-domain; in CCLIBS, or more accurately, in an
extension of the Function Generator/Controller (FGC) [3]
system that combines embedded control computers along
with expert software tools, the frequency-domain approach
is used (CCLIBS will be used as a shorthand both for
CCLIBS themselves and this FGC extension). The implemented algorithms are based on minimizing the H p norm
∗
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Figure 1: RST controller structure.
(for p ∈ {2, ∞}) of a model reference cost function. A twostep process is proposed for obtaining a local minimum of
the H p problem for Ąxed-structure controllers; these two
steps follow the ideas presented in [4] and [5] for achieving
the desired tracking and robustness speciĄcations. CERN
adopted the RST control structure for the control of the
current in the particle accelerator magnets since LHC; the
control is implemented by the FGC platform [3]. The RST
controller structure, shown in Fig. 1, is a discrete-time twodegree of freedom polynomial controller where the tracking
and regulation characteristics can be formulated independently, which is deĄnitely important for the applications.
Particle accelerator magnets sometimes sufer from eddy
currents losses which complicates their modeling process as
electrical load of the power converter. Data-driven design is
therefore an asset as it is completely independent of the load
model. The new CCLIBS data-driven tools are illustrated
here for application in the East Area Renovation Project at
CERN with SIRIUS 2P power converters. The family of
SIRIUS power converters employs a grid supply unit that
consists of a passive rectiĄer unit with boost converter that
acts as a grid current regulator. The grid supply unit limits
the power taken from the power grid to just 20 kV A with
a modest 32 A / 400 V 3-phase line voltage. This family of
newly designed power converters serves to improve power
quality towards the power network by limiting the input
power Ćuctuations.

CONTROLLER DESIGN METHOD
The plant model is represented as a coprime factorization
G(z−1 ) = N(z−1 )M −1 (z −1 ), where N(z −1 ) and M(z−1 ) are
stable, proper transfer functions and z is the complex frequency variable used to represent discrete-time systems. Let
the FRF of such a factorized discrete-time SISO system be
deĄned as follows:
G(e−jω ) = N(e−jω )M −1 (e−jω ),

∀ω ∈ Ω

(1)

where Ω = [0, π]. N(e−jω ) and M(e−jω ) must be FRFs
of bounded analytic functions outside the unit circle; for
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IMPACT OF FLUX JUMPS ON HIGH-PRECISION POWERING OF Nb3 Sn
SUPERCONDUCTING MAGNETS∗
Michele Martino1† , Pasquale Arpaia1,2 , Stefano Ierardi1,2
1 CERN, Geneva, Switzerland
2 Universita’ di Napoli Federico II, Naples, Italy

Abstract

INTRODUCTION

Nb3 Sn superconducting magnets represent a technology
enabler for future high-energy particle accelerators. A possible impediment, though, comes from flux jumps. For instance, quench protection systems must be able to discriminate them from quench events (not to trigger non-necessary
actions), however the impact of flux jumps on the powering
has not been properly investigated to date so no available
models can be used for its estimation.
A first behavioural model is presented in the following
and illustrated by means of a case study: the 11 T magnet to
be installed in LHC during LS2 (Long Shutdown 2).
Flux jumps appear during current ramps at relatively low
value of current and tend to disappear towards nominal current [1–4]. In this work, no attempt will be made at investigating their amplitude and frequency of occurrence as a
function of the current level, because this does not really
matters for the powering even though it is very relevant for
quench protection systems that can exploit, as an example,
the dependence of flux jumps amplitude on the current level
to adapt the quench detection thresholds as current is ramping up. What really matters, for the scope of this study, is
∗
†
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Figure 1: Circuit model: flux jumps as fluctuating inductance.

the amount of perturbation generated by the flux jump occurrence on the current (of the power converter). In this respect,
a worst case analysis is justified. Flux jumps will be looked
at only from the point of view of the power converter, where
the observables are circuit current and magnet voltage, such
as shown in Fig. 1 and Eq. (1).
Preliminary tests on MQXFS4b (short model of the
MQXFB magnets for the Inner Triplet of HL-LHC) and on
the first prototype of the 11 T magnet (Fig. 2), highlighted
that the control parameters of the digital feedback loop of the
power converter affect the spectra of the above mentioned observables. Furthermore, conversely the spectra of the signals
representative of the flux jumps are unaffected. Therefore,
they are hereby considered as their spectral signature (i.e.
representative of the physics of the flux jumps themselves).
The proposed modelling aims then at reproducing such spectra.

Figure 2: Spectra of the flux jumps signals acquired, at
1.9 K, from: (i) the 11 T prototype magnet, at one of the
apertures, magnified by a factor 10 × (blue) with a ramp rate
of 10 A s−1 , and (ii) the MQXFS4b model magnet (red) with
a ramp rate of 51 A s−1 .

MC7: Accelerator Technology
T11 Power Supplies

This is a preprint — the final version is published with IOP

Nb3 Sn superconducting magnets represent a technology
enabler for future high-energy particle accelerators. A possible impediment, though, comes from flux jumps that, so far,
could not be avoided by design unlike for NbTi technology.
However, the impact of flux jumps on the magnet powering
has not been properly investigated to date. Flux jumps appear during current ramps at relatively low value of current
and tend to disappear towards nominal current. They are
usually detected as voltage jumps between different magnet coils but they might also produce overall voltage jumps
across the magnet electrical terminals. Such jumps might
perturb the power converter feedback control loop and therefore potentially jeopardize its precision performance during
energy ramps. This work aims at: (i) presenting preliminary
experimental test results on some HL-LHC Nb3 Sn model
and prototype magnets, and (ii) attempting to build a simplified electrical model of the flux jumps, with focus only at its
interaction with the power converter feedback control loop.
Such a work is a starting point for outlining possible power
converters control strategies able to minimize flux jumps impact on high-precision powering of Nb3 Sn superconducting
magnets.
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PRELIMINARY DESIGN OF RF-SHIELDED BELLOWS
Y. T. Huang†, C. M. Cheng, Y. C. Yang, C. K. Chan, C. C. Chang, NSRRC, Hsinchu, Taiwan
P. J. Chou, NSRRC and NTHU, Hsinchu, Taiwan
Abstract
A new design of RF-shielded bellows is proposed for the
TPS to alleviate wake field effects and Joule heating
resulting from contact resistance at the contact interface of
sliding two dissimilar metals. Most efforts are put into
controlling corrosion which is regarded as the main cause
of electrical contact degradation. Rh-Au is chosen as a
mating interface because they are stable under high
temperature condition. Experimental tests are made to find
an effective plating thickness of Rh and Au and to
determine a suitable normal load applicable on the Rh-Au
interface. A preliminary design of RF-shielded bellows that
can sustain thousands of cycles during their lifetime is
under testing.

INTRODUCTION
RF-shielded bellows are used to absorb thermal
expansions during vacuum baking and to adjust for
mismatches during vacuum chamber installation. Without
RF shielding, charged particles would see cavity-like
structures or abruptly changing wall dimensions which can
trap electromagnetic fields around this imperfect location
[1][2]. In addition, these electromagnetic fields, also called
wake-fields, will act back on following charged particles
possibly causing instabilities. Generally speaking, wake
fields are harmful to stored beam quality and beam lifetime and it is important to expose a smooth surface to the
image currents of the charged particle beam rather than a
corrugated structure when it comes to RF-shielded bellows
(see Fig. 1). The structure of RF-shielded bellows must be
flexible and hence a sliding contact configuration is used
to preserve electric continuity. Sufficient force must be
applied to the sliding contacts providing a contact
resistance as low as possible and should not be affected by
changes in the surface condition even after hundreds of
relative motions. Based on the original structure, we
propose a new design that changes the outside shell from
formed bellows to welded bellows, reduces wake fields by
lengthening the transition lengths and enhances electric
sliding contact reliability through multiple contact points.
Here, we address some key parts and main concepts for the
design of RF-shielded bellows as shown in Fig. 2.

Figure 1: left without shielding; right with shielding.
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Figure 2: left outer view; right inner view.

RF-SHIELDED BELLOWS PARTS
Both welded bellows and formed bellows are usually
used as an outer shell for RF-shielded bellows. The spring
rate for welded bellows is about one order of magnitude
lower than for formed bellows but formed bellows are
more robust. Given the greater compressibility under
limited space, we choose welded bellows since its
compression could be as high as 20mm. For the RFshielded structure, we double the transition length from
15mm to 30mm so as to reduce wake fields as seen in Fig.
3. The image current distribution is uneven because of the
racetrack like vacuum chamber shape with an aspect ratio
of about 4. Most of the image currents are concentrated
directly on the top and bottom as shown in Fig. 4. A normal
force (or pressure) is applied via a 3-4 mm ball which is
connected to a spring and user-defined force to be adjusted
by changing the spring length while the spring constant is
about 150-200g per mm. Some special RF-fingers,
especially on the higher current top and bottom, where
considered to have more than one contact point, which can
lower the contact resistance in addition to providing an
insurance for continuing electric conductance when
contact of one point deteriorates. The stainless steel stub is
electroplated with Rhodium and the Copper based RFfingers are Gold plated to obtain a reliable mating interface
because Rhodium and Gold seldom bond to each other
even at high temperatures. The detailed structure is shown
in Fig. 5.

Figure 3: Wake field computation for 15 and 30mm taper
length for the transition from 68x20 to 64x16 mm chamber
cross section
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THE BEAM CLEANING ANALYSIS FOR THE TPS VACUUM SYSTEM
Y. C. Yang†, C. K. Chan, A. Y. Chen, C. H. Huang, J. -Y. Chuang, C. -C. Chang,
National Synchrotron Radiation Research Center (NSRRC), Hsinchu 30076, Taiwan, R.O.C.

Abstract

Commissioning for the TPS, a low-emittance 3-GeV
synchrotron ring, started in December 2014 and is now
currently operating in top-up mode at 400mA for users.
Until the last machine shut down in December 2018, a total
beam dose of 4919 Ah was accumulated and the beam
cleaning effect decreased the dynamic pressure to 1.5×1011
Pa/mA. During past years operation, several vacuum
chambers were replaced to improve vacuum performance
and avoid exposure to synchrotron radiation from insertion
devices. In this paper, the beam cleaning evolution of new
vacuum sections will be discussed and compared with
experience in the rest of the storage ring. A particular
cleaning evolution could be predicted and can be
referenced for machine shutdown planning in the future.

vacuum beam cleaning process for new bending sections
will be discussed together with beam loss counts near new
vacuum chambers.

INTRODUCTION

The Taiwan Photon Source (TPS), a low-emittance 3GeV synchrotron ring, was commissioned in December
2014 and is now currently operating in top-up mode at
400mA for users. During past years, two to three regular
shut downs per year occurred to upgrade and improve
machine performance. In the vacuum system, several
problems occurred which can be classified in three groups.
The first group includes emergency leakages found in the
injection section and feedthroughs of ion pumps. The
second group includes unexpected pressure bursts in SR02
and strip line kicker sections. The third group was caused
by the replacement or installation of new vacuum
components such as insertion devices and vacuum
chambers. In total, 18 out of 48 vacuum sections have
replaced in the past 4 years.
The evolution of beam cleaning in the TPS storage ring
is shown in Fig.1, where the average pressure raise per
beam current (dP-avg/I) versus accumulated beam dose
(Ah) is plotted and is showing a scaling with an exponent
of -0.85. Until the last machine shut down in December
2018, a total beam dose of 4919 Ah was accumulated and
the dynamic pressure, dP/I, decreased to 1.5×10-11 Pa/mA
and to 1.63×10-8 Pa with a beam current of 500mA.
An in-situ technology to replace vacuum chambers was
developed [1]. Seven bending vacuum chambers were
replaced. Except for the vacuum chambers in section SR02
where unexpected pressure bursts occurred and foreign
matter was found inside the vacuum chamber, other
chambers were replaced to open the aperture to avoid
irradiation from upstream insertion devices. After
replacement of the vacuum chambers, it was interesting to
find out how much bean cleaning time or how much
accumulated beam dose was needed to recover original
conditions before chamber replacements. In this paper, the

Figure 1: Evolution of the dynamic pressure in the TPS
storage ring.

VACUUM PRESSURE ANALYSIS
The local dynamic pressure versus accumulated beam
dose for six replaced vacuum sections with different beam
commissioning periods are plotted and compared in Fig. 2.
Each vacuum section corresponds to separate insertion
devices with different power densities inducing different
pressure readings. In general, the value of dP/I decreases
continuously with accumulated beam dose. The goal of the
beam cleaning process is to accumulate a high beam dose
as fast as possible to get lower values for dP/I.

Figure 2: Beam cleaning process for six new vacuum
sections.
Table 1 displays a summary of the beam cleaning
process in each new vacuum section, including the time
duration for the beam cleaning process, accumulated beam
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SPECIAL ALUMINUM GASKET SEALING OF NON-CIRCULAR PROFILE
FLANGES FOR THE ACCELERATOR UHV SYSTEMS
G. Y. Hsiung†, NSRRC, Hsinchu, Taiwan
Abstract
Most of the beam ducts for the accelerators are not regularly the circular profile. Unfortunately, the conflat (CF-)
flanges and the gaskets with non-circular profile were not
commercially available. Besides, additional RF-contact
bridges between the flanges must be built in for mitigating the impedance from the flange-gaps. In this study,
various types of the aluminum (Al-) gaskets designed for
the non-circular profile Al-flanges for the accelerator
ultrahigh vacuum (UHV) systems are introduced. The
surface of the Al-flange is flat to accommodate the special
Al-gasket with knife edges for the sealing. Both the
flange and gasket are manufactured by the oil-free Ethanol-CNC-machining process that any non-circular profile,
e.g. rectangular, race-track, key-hole, etc., flanges can be
precisely produced. The inner diameters of the gasket just
suit those of the flanges that the impedance from the gap
is significantly reduced. The flanges and gaskets after oilfree machining can be assembled immediately without
any chemical cleaning. The experimental results for the
as-mentioned non-circular profile Al-flanges reveal the
UHV quality at pressure < 20 nPa after vacuum baking.

INTRODUCTION
The profile of the beam ducts for the accelerators, to
accommodate the dynamic aperture of the beam, is not
regularly the circular profile. However, the traditional
standard conflat (CF-) flanges produced by the lathing are
only in circular profile. Then the additional RF-bridge
components have to be built in between the flanges and
along the edge of beam duct to form the same profile for
conducting the image current and mitigating the impedance from the flange-gaps. The system of the CF-flanges
assembled with the RF-bridge becomes more complicated
and non-reliable. The better way to produce the noncircular flange is to reverse the sealing mechanism from
the CF-flanges, i.e. sealed by the metallic O-ring. The
gasket with the diamond-shape profile as the metallic Oring sealing for the UHV systems had been developed by
Rufer and Unterlerchner around 1970’s [1] which lately
named “LEP-type joints” were applied for the LEP accelerator at CERN successfully in 1990 [2]. Afterwards,
other applications of the diamond-profile gaskets for the
INDUS-2 in 2008 [3] and for the TPS in 2012 [4] and
2018 [5] were reported. However, the profiles of those
diamond-profile gaskets were still in circular-shape and
machined by the lathing process only.
In this study, various types of the aluminum (Al) diamond-edge (DE-) gaskets, with knife edges on both sides
____________________________________________

for the sealing, designed for the non-circular profile Alflanges for the accelerator ultrahigh vacuum (UHV) systems are introduced. The surface of the Al-flange is flat to
accommodate the Al DE-gasket with the same profile.
Both the flange and gasket are manufactured by CNCmachining process that the profile of non-circular shape
can be precisely produced. In case of the beam duct for
the accelerators, the inner diameters of the gasket just suit
those of the flanges not only performs the leak-tight but
also mitigates the RF-impedance from the gap. The assemblies of the non-circular profile Al-flanges with the
DE-gasket sealing can be applied for many Al UHV systems with high reliabilities. The non-circular Al-flanges
and the DE-gaskets can be assembled immediately without any further cleaning if they are made by the oil-free
ethanol machining process, which generates a clean surface oxide layer with much lower outgassing rate [6]. By
the way, the ethanol CNC machining process also benefit
the afterwards re-machining for the assembly of the Al
vacuum chambers and flanges. The design concept and
the development results for the non-circular profile Alflanges will be described in the following sections

DESIGN CONCEPT
Since both the Al-flanges and the gaskets with the noncircular profile must be made by the CNC machining,
therefore the concept of the sealing via the flat surface on
the Al-flange accommodating the Al DE-gasket with knife
edges is feasible. Figure 1 depicts an example of the rectangular flange, gasket, and the cross section view of the
flange sealing. The materials for the Al-flange and the Algasket are typically the A6061T651 and the A1050O
aluminum alloys, respectively. The gasket is soft with
respected to the flange, that the tightening-torque for
depressing the knife edges to the leak-tight is about 80 kg
cm. The surface roughness (Ra) of the flange after CNC
machining is typically under 0.8 micron. Then the gasket
can be re-used by applying higher tightening-torque on
the surface of smaller roughness. The CNC-machining
benefits the free-trajectory that any non-circular profile,
e.g. rectangular, race-track, key-hole, etc., flanges can be
precisely produced. The curvature of profile for the gasket
is larger than 3 mm in general. The inner diameters of
both the gasket and the flange are easily machined that
the impedance from the gap is significantly reduced. The
knife-edges on both sides of the DE-gasket were machined to 90° triangular edge that forms a profile of so
called diamond-shape. The outside diameter of the gasket
is about 0.1 ~ 0.2 mm smaller than the inner diameter of
flat sealing surface of the flange.
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THE PROTECTION INSTRUMENT FOR CRYOGENIC PHASE SEPARATOR PRESSURE RELIEF VALVE OF TPS BEAMLINE
C. C. Liang†, C. F. Chang, C. Y. L. Liu, Y. H. Guo, M. H. Lee, T. -C. Yu, C. Y. Chang,
NSRRC, 101 Hsin-Ann Road, Hsinchu Science Park, Hsinchu 30076, Taiwan, R.O.C.

Abstract

TPS (Taiwan Photon Source) beamlines have operated
for three years after the successful commission in 2015.
Recently, the electromagnetic activated pressure relief
valve of cryogenic phase separator of beamline had
malfunction due to the rust of its control circuits. After on
site observation and temperature records, the water was
found to be condensed around the outlet area due to fast
temperature dropping near the valve as it was activated.
Such situation would cause the rust of metal components
due to humidity after a certain period of time. To avoid
such event, fan is used to blow the condensed water and
silicone heat belts are added to increase the local
temperature with unique designed clamp for fixing the fan,
sensors and safety circuit breaker. Via the temperature
control system, the temperature monitoring, setting and the
abnormal situation can be access on web page through
Ethernet to make sure the proper operation of the protected
devices. The instrument has been operated since Dec. 2018.
After four months of operation, the moist situation has
been improved and the relief valve is no longer frosted.

After observation, LN2 would fill the cryocooler in every
6 hours. During filling period, the internal pressure of
phase separator would be higher than the gas release setting
of 1.5 bar. The pressure relief solenoid valve would be
opened continuously till pressure drop below the setting
level. In this period, part of LN2 would flow out through
gas release valve to cause the fast dropping of the temperature in this area. The -100˚ Celsius would remain 25
minutes at the outside of the valve. Such low temperature
condition would freeze the condensed water and increase
humidity outside the valve. After 1-2 years, the control circuit of the pressure relief valve would be corroded till failure. The corroded PCB is shown in Figure 2.

INTRODUCTION

In a part of TPS beamlines, the cooling system of DCM
(Double Crystal Monochromator) includes several valves,
a cryocooler (chiller) and a phase separator
A cryocooler (chiller) has an internal LN2 closed loop
for cooling DCM. As the LN2 level of chiller becomes too
low to be refilled, LN2 would come from phase separator
to chiller then the LN2 of phase separator would also be
refilled by TPS surrounding LN2 pipes. The flow of LN2 is
shown in Figure 1.

Figure 1: LN2 flow schematic. [1]

Figure 2: Pressure relief solenoid valve and the corroded
PCB inside.

Figure 3: Frosted situation at TPS 25A relief valve.
The failure of pressure relief valves had interrupted the
cryogenic system 3 time within 3 years and are located separately in TPS 05A, TPS 25A and TPS 09A. During system
construction, the isolation of pipe and air was done by thermal insulation material, but it cannot eliminate thermal
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IMPROVEMENT THE BENDING MAGNET POWER SUPPLY PERFORMANCE FOR TPS STORAGE RING
B. S.Wang, K. B. Liu, C. H. Huang, C. Y. Liu, Y. S. Wong, J. C. Huang, NSRRC, Hsinchu 30076,
Taiwan
Abstract
In the TPS (Taiwan Photon Source) facility, current stability of the electron beam depends on the bending magnet
power supply and an orbit FOFB system to compensate the
magnetic field. Due to the output current stability of the
bending magnet power supply drifts with temperature so
the orbit FOFB system should be applied to fine tune magnetic field and the photon beam should circulate in storage
ring. In this paper, to stabilize the temperature of regulation
circuit’s temperature box of the bending magnet power
supply, the long-term output current stability is improve
from ± 50ppm to ± 10ppm, and orbit FOFB system substantially reduce the tune X of beam position, effectively
increasing the beam current stability and quality.

Figure 1: The beam particle position, bending magnet current, and tune-X relationship without adjusting the temperature setting.

This is a preprint — the final version is published with IOP

INTRODUCTION
The booster ring had been successfully commissioned
and the electron beam was accelerated efficiently from
150MeV to 3 GeV with 3Hz repetition rate on December
16 2014. At the end of 2015, the TPS stored beam current
had been pushed to 521mA, which is beyond the designed
500mA goal. For the requirement of beam position stability
should be less than 1/10 beam size. FOFB has been implemented to achieve submicron orbit stability. The orbit stability had been effectively improved with FOFB that the
suppression bandwidth could achieve 250 Hz in both horizontal and vertical plane. [1-2]
The relation between bending magnet current and the
tune X of beam position in a week is shown in Fig. 1, the
orbit FOFB system should apply to compensate the magnet
filed due to the unstable Bending current that effectively to
stabilize the beam particle position. In addition, the bending current spectrum pattern interferes the tune-X behaviour of an orbit FOFB system. This paper mainly studies
output current instability issue of bending magnet power
supply.
To understand the influence of the bending current variation on beam particle position, under the top-up mode operation condition the bending current was increased
100mA and close the orbit FOFB system to observe the position variation of beam size. The experiment result was
shown in Figure 2. Under the condition of bending current
variation 100mA, the beam particle x position is shifted
from -56.5μm to -57.5μm with 1μm variation. Obviously,
instability of output current of bending magnet power supply will directly affect the position of beam particles.

MC7: Accelerator Technology
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Figure 2: Influence of the bending magnet current variation
on beam particle position.

TPS STORAGE RING BENDING POWER
SUPPLY
This uni-polar power supply is specially designed for
TPS storage ring bending magnets. The converter can deliver 750 Amperes up to 850 Voltage. Figure 3 shows the
technology circuit diagram of the bending magnet power
converters, which is buck converter employing one Intelligent SkiiP IGBT as switches and a high precision DCCT as
feedback element. Control rack mainly has the following
functions, digital regulation controller, temperature regulation box, basic control, communication protocol, digital interlock, analogy interlock and external interlock protection. The output current long term stability within 8 hours
is well below 10ppm. The specification of the bending
magnet power converter is listed in Table 1. [3-4]
TUPMP046
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UPGRADE OF THE CRYOGENIC CONTROL SYSTEM FOR SRF
MODULES AT THE TAIWAN LIGHT SOURCE
F.-T. Chung*, M.-H. Chang, T.-C. Yu, C. Wang, M.-S. Yeh, F.-Y. Chang, L.-J. Chen, Z.-K. Liu,
L.-H. Chang, Ch.-H. Lo, Y.-T. Li, S.-W. Chang, M.-C. Lin,
National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan

Abstract
An upgrade of the cryogenic control system for superconducting radio-frequency (SRF) modules of the Taiwan
Light Source (TLS) has been completed. The biggest challenge was to recover all protection and operational functions, while minimizing the quantity of vented helium from
SRF modules while replacing valve controllers. Gradually,
this work was finished within several one- and ten-day
scheduled machine shutdown periods for accelerator
maintenance. No large helium vent nor pollution of the cryogenic system occurred during all component replacements and function verifications. Functions of the cryogenic electronics were improved, whereas the valve controllers are upgraded to new versions to increase reliability
and availability. Communications with the data acquisition
system was also secured by buffered signal processing
module so that device shutdown of the data acquisition system will not interrupt the cryogenic valve operation.

INTRODUCTION

An SRF module of the CESR-type [1] is now in operation at the Taiwan Light Source (TLS) since 2005 [2]. This
SRF module was manufactured and integrated by the German company ACCEL, with technical support from Cornell University. To ensure proper operation, the cryogenic
control system also depended heavily on the CESR system,
including control modes for cryogenic valves and protection logics. Even the PID controllers of cryogenic valves
rely on the same Omega products as the CESR system does.
Ten years later, it became apparent that an upgrade to the
cryogenic control system was due since the PID controller
of that version is not anymore available on the market and
almost out of stock at the NSRRC.
It is risky to interrupt the cryogenic system operation for
a long time to replace all controllers at the same time.
Therefore, we scheduled the upgrade over the whole year
of 2017 by replacing controllers one by one. In 2017, the
TLS was scheduled to undergo a one-day maintenance
shutdown every week and occasionally longer shutdown
periods, say 10 days, were made available for major accelerator component replacements, if necessary. Thus, a single PID controller could be replaced with a new model during a one-day shutdown, including function tests and parameter optimization to be completed as well. Integration
tests and general parameter optimization under various operational conditions were mostly pursued during longer
___________________________________________
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shutdown periods. Helium venting due to both, the replacement of valve controllers and safety protection tests of SRF
modules, was thus minimized. Details on schedule, layout,
major upgraded components and function improvements
are presented here.

SCHEDULE AND LAYOUT
Schedule of System Upgrade
Table 1: Time Schedule for Main Upgrade Activities
Schedule
2016.12~2017-03
2017-03~04
2017-05~08
2017-09
2017-09~10
2017-10
2017-11

Items
Signal integration and planning
Design of panel and interface
Panel production and purchase of
controller
Interface test
Replacement of PID controllers
Documentation of parameters
Integration verification

As the time schedule of the system upgrade shows in Table 1, evaluation of the upgrade plan started at the end of
2016. This upgrade is based on decentralized construction,
as being determined by mounting mechanism design, electronic modularization, establishment of auxiliary system
and final integration verification. Not only all cryogenic
valve controllers were replaced with new models, but also
local control modules for cryogenic transfer and safety
were revised. It took several weeks in October, 2017 to
complete controller and module replacements. To reduce
the risk of malfunction, only a single controller was replaced during each weekly one-day maintenance shutdown
since long-time verification and parameter optimization for
cryogenic-related operation is crucial. All the updated tables for the PID controllers are uploaded to the ELOG database of the TLS for easy tracing and checking.

Panel Layout
The original PID cryogenic valve controllers are a
Omega product of model CN2001 and were built and operated since the end of 2004. The spare parts at the NSRRC
were depleted gradually and market replacements became
more and more difficult to obtain. Meanwhile, the cryogenic electronics for the KEKB-type SRF modules [3] in
the Taiwan Photo Source (TPS) uses a new version of PID
controllers, an Omron product of model E5AC-CX2ASM004, that supports long-term current output of 4-20 mA.
The Omron controller is shorter than the Omega controller
MC7: Accelerator Technology
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CURRENT STATUS OF TURKISH ACCELERATOR AND RADIATION
LABORATORY ∗
A. Aksoy† , Ç. Kaya, Ö. Karslı, B. Koç, Ö. F. Elçim
Institute of Accelerator Technologies, Ankara U, Ankara, Turkey
Table 1: Electron Beam Parameters of TARLA

Abstract
Turkish Accelerator and Radiation Laboratory (TARLA)
which is designed to deliver various accelerator based radiation sources, aims to be outstanding research instrument for
users from both Turkey and region. Within the current scope
of TARLA its superconducting accelerator will drive two of
free electron laser (FEL) beamlines in order to provide Continuous Wave (CW) tunable radiation of high brightness in
the mid- and far-infrared range as well as a Bremmstrahlung
radiation station. Main components of TARLA, such as injector, superconducting accelerating modules and cryoplant
are under commissioning currently. In this paper commissioning results and current status of facility are presented.

Parameter
Beam energy
Max. average beam current
Max. bunch charge
Horizontal emittance
Vertical emittance
Longitudinal emittance
Bunch length
Bunch repetition rate
Macro pulse duration
Macro pulse repetition rate

Unit

Value

MeV
mA
pC
mm.mrad
mm.mrad
keV.ps
ps
MHz
µs
Hz

15 - 40
1.5
120
<15
<12
<85
0.4 - 6
0.001-104
50 - CW
1 - CW

INTRODUCTION
TARLA is basically designed to drive two FEL covering
the range of InfraRed region between 5-450 µm wavelengths.
Its electron beam will be provided by a thermionic triode
electron source operating at 250 kV with CW mode. And
the beam will further be accelerated up to 40 MeV by two
super conducting RF modules that are designed for ELBE
project[6]. The electron beam will be transported to two
independent optical resonator systems housing undulators
with different period length. Additionally, a bremsstrahlung
production target and some fixed target applications will use
the available electron beam at facility [1, 2]. The schematic
view of the facility is given in Fig. 1 and the main electron
beam parameters of TARLA are given in Table 1. The facility is located at Institute of Accelerator Technologies of
Ankara University in Golbasi Campus of Ankara University
which is about 15 km south of Ankara. The commissioning
of the facility continues since 2011.

THE STATUS OF ACCELERATOR
The electron bunches will be provided by a thermionic triode electron source operating at 250 kV at Continious Wave
(CW) mode. The buhnches that has about 500 ps length
jusft after gun further be compressed without acceleration
through the injector that is totally based on normal conducting technology. And the beam will further be accelerated up
to 40 MeV by main accelerating section.
The main accelerating section of TARLA will consist of
two cyromodules (Linac-1, Linac-2) and a magnetic bunch
compressor (BC) in between (see Fig. 1). Each cyromodule
contains two nine-cell TESLA cavities [3] with a maximum
achievable accelerating gradient of 10 MV/m at CW mode,
∗
†
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thus, the maximum reachable beam energy is about 40 MeV.
The (fixed R56 ) bunch compressor located between the two
modules will allow to optimize the micropulse duration and
energy spread of the beam by phasing the cavities. The
electron beam accelerated up to 40 MeV will be transported
either to the bremsstrahlung beamline of two independent
optical resonator systems housing undulators with different
period length. The electron beam parameters of TARLA
are prsented in table 1. The cryostat and mechanical tuning systems of the cryomodule have been developed and
built for the ELBE project [4]. The parameters of TARLA
cryomodule is given with table 2.
Table 2: TARLA CM Parameters
Parameter
Frequency @1.8 K (MHz)
Tuning range (kHz)
Ext. Q of input couplers
Ext Q of HOM couplers
Accelerating voltage/CM (MV)
Cryogenic losses at max grad. (W)
Coupler power @CW (kW)
Tunning Resolution
Tunning speed

Unit
1300 ± 0.05 MHz
120 kHz
(1.2 ± 0.2) × 107
> 5 × 1011
> 20
< 75
≥15
1 Hz
1 kHz

The tunning system of the cryomodules has been modified
slightly to have better RF performance by adding piezo stack
on the lever arms of the mechanical tunning system. The
resolution and the speed of tunning has been improved from
10 Hz-5 Hz/ms to 1 Hz - 1 kHz. Each cavity has been tested
in accordance with XFEL cavity manufacture procedure and
assembled into helium vessel then vertically tested at DESY
in 2016. Fig. 2 shows the vertical test results of TARLA
TUPMP048
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CONCEPTUAL DESIGN OF THE DIAMOND-II VACUUM SYSTEM
M.P. Cox†, C.W. Burrows, A.G. Day, J.A. Dymoke-Bradshaw, R.K. Grant, N.P. Hammond, X. Liu,
A.G. Miller, H.S. Shiers, N.R. Warner, Diamond Light Source, Didcot, UK

Abstract
The conceptual design of the vacuum system for the
Diamond-II storage ring upgrade is described. Due to the
small vessel cross section, typically 20 mm inside diameter
(ID), and the consequent conductance limitation,
distributed pumping is provided by non-evaporable getter
(NEG) coating supplemented by ion pumps at high gas
load locations. In-situ bakeout is incorporated to allow
rapid recovery from both planned vacuum interventions
and unplanned vacuum events. The vacuum vessels are
constructed mainly from copper alloy while stainless steel
is used in regions of AC magnets requiring low electrical
conductivity. The proposed layout, engineering and build
sequence of the vacuum system are described along with
gas flow simulations confirming the vacuum performance
advantages of NEG-coated vessels compared with
uncoated vessels.

INTRODUCTION

Diamond-II is a proposed in-place upgrade to the 562 m
circumference Diamond Light Source storage ring [1]
aimed at increasing both the photon beam brightness and
the number of insertion device beamlines which can be
accommodated. A modified 6BA 24-cell lattice is foreseen
with 18 standards straights, 6 long straights and 24 new
mid-achromat straights. The general layout of one cell is
shown in Fig. 1.

Figure 1: General layout of one cell showing the 2 straights
and 2 girders.
The vacuum performance target is to achieve a pressure
of 10-9 mbar or lower with 300 mA stored beam after
100 A.h of beam conditioning, which is expected to
produce a gas lifetime in excess 10 h.
The vacuum system also has to be compatible with
machine impedance, beam stay clear and applied magnetic
fields and must allow for extraction of useful photon beams
while handling the synchrotron radiation (SR) heat loads.
It must be reliable in operation, with a comprehensive
control and monitoring system and interlock protection.

KEY FEATURES

For simplicity, a circular vacuum vessel with 20 mm
internal diameter and 1 mm wall thickness is preferred
where possible. This allows a nominal 1 mm clearance all
____________________________________________
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the way round for an in-situ bakeout system within the
typical magnet inscribed diameter of 24 mm. In some areas
the vessel has to be widened out to a “keyhole” or “antechamber” section for photon beam extraction and/or to
handle the SR heat load.
A 20 mm ID vessel is strongly conductance limited, and
there is little space between the lattice magnets for discrete
pumps, hence distributed pumping is needed to avoid large
pressure “bumps”. The distributed pumping is provided by
a non-evaporable getter (NEG) coating inside the vessels,
an established technology for accelerators, e.g. [2, 3, 4].
Discrete sputter ion pumps are fitted in areas of high gas
load (near high intensity photon absorbers) to boost the
local pumping speed, to reduce NEG coating saturation
effects and to pump inert gases and methane.

VACUUM SIMULATIONS
Vacuum simulations were carried out using geometric
ray tracing followed by the Diamond in-house 1dimensional “Pressure Profile” code [5] for three different
wall materials: Uncoated stainless-steel/copper, Fullyactivated NEG coating and Saturated NEG coating (taken
to have the same outgassing properties as fully activated
NEG coating but zero pumping speed). Four different
gases were used (H2, CH4, CO and CO2) and the Z2weighted sum of the partial pressures was calculated to
produce the CO-equivalent pressure which is relevant to
beam lifetime [6].
As the vacuum vessel layout has not yet been finalised,
the simplest geometry with a 20 mm ID circular crosssection vessel centred on the electron beam axis with no
photon extraction was used. Only dipole radiation was
included with no insertion devices. Material properties
were taken from published sources [7, 8] and from practical
operating experience at Diamond.
Figure 2 shows the photon flux emitted from the 6 dipole
magnets in one cell (cell 5) and the received flux at the
vacuum vessel wall downstream of each magnet.
Figure 3 shows the calculated CO-equivalent pressure
with and without stored beam.
Figure 4 shows the calculated mean CO-equivalent
pressure along the whole cell with 300 mA stored beam for
a range of beam conditioning doses.
For the uncoated vessel, the target pressure of 10-9 mbar
is still not achieved even after a beam conditioning dose of
10,000 A.h which corresponds to more than 7 years’
operation with 5000 h operation per year at 300 mA.
Clearly this falls far short of the target vacuum
performance to achieve this pressure after only 100 A.h or
less.
For the fully-activated NEG coating the target pressure
is achieved after only 6 A.h beam conditioning and even
for the saturated NEG coating the target pressure is
MC7: Accelerator Technology
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MULTIPACTOR SUPPRESSION BY LASER ABLATION SURFACE
ENGINEERING FOR SPACE APPLICATIONS
R. Valizadeh, A. Hannah, O.B. Malyshev, T. Sian,
ASTeC, STFC Daresbury Laboratory, Warrington, UK
J. Mutch, JM Consultancy, Warrington, UK
N Sykes, Micronanics Laser Solution Centre, Didcot, UK
Y. Dan, Hitachi High-Technologies Europe, Warrington, UK
J.S. Colligon, University of Huddersfield, Huddersfield, UK
V. Dhanak, Department of Material Science, University of Liverpool, Liverpool, UK
Abstract
Developing a surface with low Secondary Electron Yield
(SEY) is one of the main ways of mitigating electron cloud
and beam-induced electron multipacting in high-energy
charged particle accelerators and space-borne RF
equipment for communication purposes. In this study we
report on the secondary electron yield (SEY) measured
from silver coated aluminium alloy as-received and after
laser ablation surface engineering (LASE). Analysis shows
the SEY can be reduced by 43% using LASE. EDX and
SEM analysis shows it is possible to reduce the SEY whilst
maintaining the original surface composition.

INTRODUCTION
Multipactor discharges in microwave components
constitute a severe breakdown problem in many modern
microwave systems involving high powers; a typical
example being space-borne RF equipment for
communication purposes. The discharge is caused by free
electrons oscillating in vacuum between surfaces in the
device, knocking out secondary electrons when hitting the
surfaces, and creating an avalanche-like growth of the
electron density in the device, provided certain threshold
conditions are fulfilled. The concomitant breakdown
discharge tends to generate noise, change the device
impedance, heat the device walls and may even
permanently damage the hardware. Thus, an important part
of the design and development of RF components is to
establish the critical RF power at which the breakdown
process is initiated. This step has become increasingly
important in view of the development of modern spaceborne microwave technologies towards higher data rates,
which makes increasing RF power levels necessary in
order to maintain a sufficient signal-to-noise ratio. The
development of electron multipactor discharges is
ultimately dependent on electron growth and loss rates.
Breakdown threshold is defined as the voltage at which
electron population growth exceeds losses, leading to a
runaway electron population. The electron loss rate is, in
part, controlled by electron emission, which affects
released electron trajectories, as well as multipactor gap
geometry, which can limit trajectories that can contribute
to multipactor growth. The loss rate needs to balance
electron growth, this is controlled by the resonance
established by RF voltage and spacing, as secondary
MC7: Accelerator Technology
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electron yield (SEY) of the material [1-4]. The objective of
this study is to mitigate the multipactor discharge by
reducing the SEY of the surface by employing laser
ablation surface engineering (LASE) [5-8]. It has been
shown in recent years that the SEY of surfaces can be
controlled by LASE. The laser surface structuring in the
nanosecond pulse range is achieved by thermal ablation
where a quantum of energy interacts with the irradiated
surface, which is then removed by vaporization. This
creates micro-size grooves covered with nano-size coral
shaped particles at the surface. The higher the aspect ratio
of the groove, the higher the level of reduction in SEY due
to multiple scattering of the emitted electrons within the
groove [5,6]. The reduction is most efficient for low energy
emitted electrons. The thickness of the nano-size particle
layer also plays an important role in further reducing SEY,
helping to minimize the increase of surface resistance as
well as to minimise the dependence of SEY on incident
angle. The substrate in this study is a silver-coated
aluminium alloy plate. The thickness of the silver layer was
estimated to be 8 m. Due to lack of availability of required
SEY values for suppression of multipacting, the objective
is not to determine the lowest achievable SEY but rather to
achieve the minimum SEY value while confining the depth
of engineered surface to within the thickness of the high
conductive silver layer.

LASE Set Up and Parameters
The laser used for this study has the following
properties, 1063 nm wavelength, 0.5 W average power,
with a pulse duration of 10 ns at repetition rate of 10 kHz
(50 μJ per pulse). This results in a fluence of 64 J/cm2 for
a spot diameter of 10 μm at 1/e2 intensity (where e is the
maximum intensity. The laser beam had a Gaussian
intensity profile (M2 < 1.3). It was focused onto the silvercoated aluminium (12 mm × 12 mm) surface using a flatfield scanning lens system equipped with a tele-centric Ftheta lens. The laser beam was then raster scanned over the
surface of the samples at 100 mm/s in a line hatched (LH)
pattern using a computer-controlled scanner system.
Five samples were irradiated with the above process
parameters for two different LH and pass numbers as
shown in Table 1.
SEY (or δ) was measured using an ELG-2 (0-2 keV)
Kimball Physics Inc. electron gun. The measurements
were performed using the configuration shown in the Fig. 1
TUPMP051
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TEST RESULTS OF THE LOW-STORED- ENERGY 80-KV REGULATOR
FOR ION SOURCES AT LANSCE*
J. Bradley III, L. N. Merrill, G. Rouleau, W. Roybal, G. Sanchez - Los Alamos National Laboratory,
USA
Abstract
The H- ion source at the LANSCE accelerator facility
uses an 80 kV accelerating column to produce an H- ion
beam. A regulated power supply maintains the source and
support equipment racks at -80kV with respect to local
ground. As the facility’s H- beam currents have been
increased, voltage droop on the regulated -80 kV power
supply has become one of the limiting factors on beam
current. The previous regulator used a standard 120kV
DC HV supply and a high power planar triode in series to
regulate the voltage down to 80 kV and to stop the flow
of current during an arcdown of the -80 kV accelerating
column. In 2018 we devised a method of using a pair of
standard, 50 kV capacitor charging supplies to produce
the required 80 kV with minimal stored energy and significantly better voltage regulation over the beam pulse. This
configuration has been tested on the Ion Source Test
Stand and is being considered for installation on the main
LANSCE linac. We will present the design, modelling
and measured results of the new system as compared with
the performance of the previous system.

BACKGROUND
Current experiments at the Los Alamos Neutron Science Center (LANSCE) facility require an H- ion beam
with a pulselength of 625µs and a repetition rate of 120
Hz. The H- ion source is located within in the dome of a
Cockroft-Walton accelerator (C-W) which operates at 670 kV. Inside this dome a -80 kV DC accelerating column extracts and accelerates the H- ions from the source.
The source and all its support electrical systems are kept
at -80kV with respect to the dome interior. After leaving
the dome, the beam enters a 670 kV accelerating column
which brings the beam energy to 750 keV in the ground
level of the Low Energy Beam Transport (LEBT). Then
the beam is bunched and transported for injection into the
first Drift Tube Linac (DTL) tank of the linac [1].
After the beam has been bunched, variations in the 750
keV beam energy translate into variations in arrival time
(phase) at the entrance to the DTL which can magnify
beam energy variations. The 750 keV beam energy is kept
as constant as possible over the time of the linac beam
pulse and from pulse to pulse. The original specifications
for 80 kV voltage stability were written when the accelerator was designed in 1967 and revised in 1983. The total
voltage droop could not exceed 300V and the variation
during the beam pulse could not exceed +/- 50V while the
source loaded the power supply with a 50 mA square
pulse with 5µs rise and fall times. The supply current is
much higher than the peak H- beam current due to elec___________________________________________
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trons that are extracted with the H- ions and losses in the
LEBT. Total output capacitance was limited to 30 nF and
the energy delivered during an accelerating column
arcdown was limited to 150 J [2]. Performance at peak
currents higher than 50 mA was not required.

PESCHEL REGULATOR TUBE SYSTEM
The Peschel Instruments supplies procured under the
1983 requirements employed a -120 kV SCR controlled
DC HV power supply in series with a regulator tube to
produce the regulated -80 kV required by the source.
Capacitors across the -120 kV supply output provided the
current while the voltage across the regulator tube was
adjusted during the pulse to counter the capacitor voltage
droop and maintain a constant -80 kV output.
The Peschel supplies were reliable and met the performance requirements with only 76V of droop [3]. However, 30+ years later their reliability decreased dramatically
as they approached the wearout age of their reliability
bathtub curve. This resulted in many more frequent replacements of the 80 kV supplies.
All of the components were contained in a single 154
kg oil tank with all the components attached to the underside of the tank lid. The mass and physical size of this
tank required that the C-W containing the LANSCE Hsource be shut down for a day while the supply was
craned out of the top of the C-W dome and enclosure.
When the amount of beam downtime became unacceptable the Peschel supply was replaced with the LANSCE
series regulator tube system.

LANSCE REGULATOR TUBE SYSTEM
The design of the LANSCE series regulator tube system began in 1988. In 1997 a prototype was placed in
service on the Ion Source Test Stand (ISTS) [4]. This
system used the same principle of operation as the original Peschel system, but the 120 kV supply was a commercial 25 mA Spellman unit and was physically separate
from the oil tank containing the regulator tube. The regulator and interlock circuitry was also removed from the oil
tank and placed on boards in NIM-BIN modules to make
troubleshooting easier while remaining compatible with
the standard interfaces used at the LANSCE facility.
These improvements greatly reduced the Mean Time To
Repair.
The original LANSCE series regulator tube system
showed excellent performance at currents below 40 mA
but above 40 mA the droop increased nonlinearly. This
was blamed on issues in the control loop circuitry [4].
As the currents required by the LANSCE accelerator
increased, the 80 kV voltage variation criteria were relaxed to only apply during linac beam operation when the
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INVESTIGATIONS ON CRYOPANELS IN THE ROOM TEMPERATURE
HEAVY ION SYNCHROTRON SIS18
L. Bozyk∗ , S. Aumüller and P. Spiller
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany

Abstract

The heavy ion synchrotron SIS18 at GSI will serve as
injector ring for the FAIR-facility and provide high intensity
heavy ion beams. The operation of such beams requires
the usage of low charge states, which have high cross sections for ionization. To overcome this issue, many upgrade
measure have been realized in the past decade, such as the
installation of an ion catcher system with low desorption
surfaces and coating 65% of the circumference of SIS18
with NEG to lower the static gas pressure. Since the vacuum
dynamics during operation prevent the achievement of the
intensity goals for FAIR, new concepts have to be developed,
to increase the beam intensity.
One idea is the installation of additional pumping speed in
the form of cryogenic surfaces. Heavy residual gas components, which have the highest ionization cross sections can
be cryopumped at moderate temperatures, i.e. already at 5080 K. In fact, the only typical residual gas component which
can not be pumped via cryosorption in this temperature
regime is Hydrogen, which has a factor 50 lower ionization
cross sections than Argon, the heaviest residual gas component. In this paper, we present a study of the integration of
cryopanels into the vacuum chambers of SIS18.

INTRODUCTION AND MOTIVATION

The FAIR-facility will provide high intensity heavy ion
beams for various experiments. Medium charge state heavy
ions will be used to reach the intensity goals of 5 · 1011
heavy ions per pulse out of SIS100. Their usage avoids
stripping losses and shifts the space charge limit to higher
intensities. However, the cross section for charge exchange
in collisions with residual gas molecules are much higher
compared to higher charge states. Ions which underwent a
charge exchange process, i.e. which lost or gained an electron, will get lost, since they do not match the ion optical
lattice any more. Beam loss produces gas via ion-impact induced gas desorption, which in turn increases the probability
for further charge exchange. Above a certain beam intensity
a self-amplification develops, which can lead to complete
beam loss and such limits the achievable beam intensity. The
principle of ionization loss and dynamic vacuum is sketched
in Fig. 1.
In SIS18, the existing heavy ion synchrotron at GSI, several upgrade measures have been realized in the past decade
to shift the maximum beam intensity [1]. These measures
include the installation of an ion catcher system, which provides low desorption surfaces for lost ions, and NEG-coating
of all magnet vacuum chambers, 65% of the circumference,
∗
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Figure 1: Principle of ionization loss and dynamic vacuum.
to lower the static gas pressure. The low desorption surfaces
are called ion catcher and minimize the amount of released
gas per incident lost ion, with respect to uncontrolled loss
onto the vacuum chamber walls. The NEG coating lowers
the static pressure, which minimizes the initial ionization
loss. The NEG coating also increases the pumping speed to
remove gas particles desorbed by ion loss. All upgrade measures did lead to a significant improvement of the maximum
beam intensity [2], presently limited by the injector linac
UNILAC. However, simulations show, that the intensity goal
of 1.25 · 1011 particles per pulse in 3 Hz operation can not
be reached with the current UHV system [3].
Simulations of the new heavy ion synchrotron SIS100 of
the FAIR-facility show, that it will be capable to store much
higher intensities and the vacuum system will withstand
the design intensity of 5 · 1011 particles per pulse. This
synchrotron is a superconducting machine with cryogenic
magnet chamber walls, providing very high pumping speed.
Simulations for a SIS18 with cryogenic vacuum chamber
walls also suggest, that such a measure would lead to a stable
operation with higher intensities [3].
Since replacing the existing magnets of SIS18 by superconducting magnets to generate cryogenic environments for
the beam pipes is not the easiest solution, the installation of
cryogenic surfaces inside the existing synchrotron is investigated.
NEG-coatings do not provide high areal pumping speed
for noble gases and light hydrocarbons [4]. Even conventional getter pumps have only low pumping speed for Argon.
But charge exchange cross section especially for Argon are
quite high, see Fig. 2 and [5]. Simulations on the transmission in SIS18 strongly depend on the Argon partial pressure
in the residual gas composition. From past measurements
it is known, that most residual gas components experience
a pumping speed already at temperatures of liquid Nitrogen (LN2, 77 K). Hydrogen is the only gas species among
usual constituents in UHV, which requires temperatures below 20 K to get pumped. As Hydrogen gets pumped by the
NEG-coating and its cross sections are a factor 50 lower
than for Argon, cryogenic surfaces at LN2-temperatures al-
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LANSCE VACUUM SYSTEM IMPROVEMENTS IN THE LAST ~10 YEARS*
T. Tajima†, J. Bernal, M. Borden, J. Chamberlin, F. Martinez, J. O’Hara, A. Poudel, K. Stephens,
Los Alamos National Laboratory, Los Alamos, USA
Abstract
The Los Alamos Neutron Science Center (LANSCE) accelerator started its operation in 1972. To mitigate the vulnerability due to old equipment and to restore the 120 Hz
operation capability we lost a while ago, we have gone
through a refurbishment / risk mitigation project since
2007. This paper summarizes the improvements in the vacuum systems in the last ~10 years and shows some data on
downtime caused by vacuum failures. The refurbished
equipment is significantly more maintainable and will contribute to extend the life of this old accelerator, but it has
been a challenge to reduce the downtime. Some examples
that caused a long downtime will be described.

INTRODUCTION
The LANSCE, 800 MeV H+/- accelerator, formerly
known as LAMPF (Los Alamos Meson Physics Facility),
was proposed by Louis Rosen in the 1960s [1] and constructed at Los Alamos starting from late 1960s [2]. The
first 800 MeV beam was achieved in June of 1972 [3].
_________________________________________
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A refurbishment project (LANSCE-R) for old and obsolete equipment started in 2007 [4-8]. It was changed later
to the Linac Risk Mitigation (LRM) project and NNSA’s
commitment amounts to $250M over ~10 years [9]. The
major efforts were made for RF systems especially to restore the 120 Hz operation capability [10, 11], but some
efforts on vacuum systems were included as well [12].

LANSCE VACUUM SYSTEM
Reference [13] describes the vacuum system for each
section of the LANSCE accelerator in detail. The major
vacuum pumps being used are ion pumps (500 L/s, 2000
L/s and 2400 L/s) and cryopumps (8-inch and 10-inch
flange sizes). Figure 1 summarizes the number of these
pumps in each section. Currently, we use a total of 229 ion
pumps and 16 cryopumps.

REFURBISHMENT / RISK MITIGATION
PROJECT
The detailed plan of the LANSCE-R / LRM project for
vacuum systems is described in [13]. Based on the plan, we
did the following.

Figure 1: Distribution of ion pumps (IPs) and cryopumps in the LANSCE accelerator complex. (blue letters)
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IMPROVEMENTS TO INJECTOR SYSTEM EFFICIENCY AT THE
AUSTRALIAN SYNCHROTRON
M. Lafky†, M. Atkinson, L. Hearder, Australian Nuclear Science and Technology Organisation,
Clayton, Australia
P. Giansiracusa, University of Melbourne, Melbourne, Australia

Abstract
The past year has seen significant improvements to the
efficiency of the Australian Synchrotron’s injection system. This was achieved chiefly by optimizing the linac Radio Frequency (RF) system after the installation of a new
Stanford Linac Energy Doubler (SLED) cavity, and retuning the injection system’s steering and focusing magnets.

INTRODUCTION

The Australian Synchrotron is a 3 GeV 3rd generation
synchrotron light source in operation since 2006. The Storage Ring (SR) is a 216 m circumference electron synchrotron typically storing 200 mA of electrons for user beam.
Its injection system consists of a thermionic electron gun,
a 15 m long Linac, a 130 m circumference Booster Ring
(BR), and the Linac to Booster (LTB) and Booster to Storage Ring (BTS) transfer lines. A bunch train of about ~70
bunches in 2 ns buckets is produced each shot for injection
into the SR.

on the rest of the injection system. Initial measurements
after installation gave a typical capture efficiency of ~65%
[2], and the frequent injections allowed more opportunities
for tuning.
In May 2017 a SLED cavity was installed in the Linac
RF system, necessitating a recommissioning of the Linac
and providing ample opportunity for improvements [3]. In
early 2018 an Optical Beam Loss Monitor (OBLM) system
was installed to provide additional independent loss measurements of the injection system [4].
In July 2018 dedicated tuning began in earnest.

Instrumentation

The SR has a single Direct Current Current Transformer
(DCCT) used for the measurement of the total current in
the ring.
The injection system was built with a Wall Current Monitor (WCM) directly downstream of the gun, two fast current transformers (FCTs) at the beginning and end of the
LTB, an FCT and DCCT in the BR and an FCT at the beginning of the BTS (Fig. 1).
Besides the current transformers a number of diagnostic
screens are installed at various locations in the injection
system.

HISTORY

Initially the facility operated only in decay mode with a
peak current of 200 mA and filling about every eight hours.
The injection system typically sat idle between fills, so
there was little time to spend optimizing the system.
Still there were improvements. In 2010 significant work
was done to optimize the Booster’s combined function
magnet strength ratios to avoid tune resonances in the
Booster ramp [1], improving overall Booster efficiency.
The facility commenced top-up operation in 2012, and
to facilitate safe operation installed a second FCT at the
end of the BTS (Fig. 2). A relatively modest 60% capture
efficiency was imposed as a minimum requirement for
BTS FCT2 to SR efficiency, with no requirements imposed
___________________________________________
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Figure 1: Booster and BTS instrumentation.

METHOD
RF Structure Optimizing
The Australian Synchrotron Linac has three pre-accelerating RF bunching structures. A 500 MHz Sub-Harmonic
Buncher Unit (SBU), a 3 GHz Pre-Buncher Unit (PBU)
and Fast Buncher Unit (FBU) upstream of the two main 3
GHz accelerating structures (ACC1 and ACC2). All four
3 GHz structures must have the correct forward power to
correctly shape and accelerate the electron bunch train (Table 1).
Since the SLED cavity installation in May 2017 the
Linac only requires one klystron to power all four 3 GHz
accelerating structures. Of crucial importance is optimizing the SLED phase flip timing, which contributes to the
flatness of the SLED’s power output. The resolution of the
facility timing system is 8 ns, so 4 rf buckets, but careful
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SIRIUS STATUS UPDATE
A.R.D. Rodrigues†, F.C. Arroyo, J.F. Citadini, F.H. de Sá, R.H.A. Farias, J.G.R.S. Franco, R.J.
Leão, L. Liu, S.R. Marques, R.T. Neuenschwander, C. Rodrigues, F. Rodrigues, R.M. Seraphim and
O.H.V. Silva, Brazilian Centre for Research in Energy and Materials (CNPEM)/Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil
Abstract
Sirius is a 4th generation 3 GeV low emittance electron
storage ring that is in its final installation phase at the Brazilian Center for Research in Energy and Materials
(CNPEM) campus in Campinas, Brazil. Presently the injector installation is complete, and the storage ring installation is being finalized. Most subsystems are under test
and tuning in real working conditions. Six beamlines are
also under construction. In this paper we report on the Sirius main subsystems installation status.

with no stored beam since the RF system is not ready yet.
The storage ring installation activities in the same tunnel
also limits the available periods for booster tests with
beam. Storage Ring commissioning with beam is expected
to start September this year. Six Phase-I beamlines, described in [2], are under construction.
Figure 1 shows an aerial view of the Sirius site and Figure 2 shows part of the experimental hall. Figure 3 shows
the main accelerator tunnel.

INTRODUCTION
Sirius is a new light source in Brazil based on a low emittance 3 GeV electron storage ring with 518 m circumference. The storage ring natural emittance of 0.25 nm.rad is
reached with twenty 5BA lattice cells and it can be further
reduced to 0.15 nm.rad as insertion devices are added. Sirius will be an international multiuser research facility with
up to 37 beamlines: 20 from permanent magnet superbends
reaching peak magnetic field of 3.2 T (and therefore 19
keV critical photon energy); 4 from insertion devices at
high beta sections and 13 at low beta sections. The low beta
sections are optimized to maximize brightness from insertion devices by matching the electron beam and undulator
radiation phase spaces. In these low beta sections, where
the horizontal and vertical beta functions are simultaneously reduced to 1.5 m in the center, small horizontal gap
devices such as Delta undulators can be installed. Sirius
main parameters can be found in [1].
The injection into the storage ring will be based on conventional off-axis accumulation in the horizontal plane using a non-linear kicker (NLK). The injection system is
composed of a 150 MeV Linac and a full-energy synchrotron booster with 497 m circumference, built in the same
tunnel and concentric with the storage ring. The booster has
a very small emittance of 3.5 nm.rad at 3 GeV that is essential for a high injection efficiency using the NLK.
The Sirius project has effectively started in July 2012
when the decision to change to a low emittance 5BA lattice
was taken. Presently the injector installation is complete,
and the storage ring installation is being finalized. Most
subsystems are under test and tuning phase in real working
conditions, in particular, the high-level control system, the
booster ramped and pulsed power supply systems, the single-pass and turn-by-turn diagnostics, the timing system,
the radiation and personal protection systems and hydraulic
and air conditioning systems. A 150 MeV beam from the
Linac has already made several turns in the booster, but
___________________________________________
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Figure 1: Aerial view of Sirius building with the city of
Campinas in the far background and CNPEM campus on
the right near background.

Figure 2: View of Sirius experimental hall with the experimental hutch of beamline MANACA under construction.

MAGNETS
All Sirius electromagnets, fabricated using stacked laminations by the Brazilian company WEG, have been measured and achieved the required mechanical and magnetic
tolerances. These magnets are aligned by mechanical design on the girders, using reference surfaces, with no adjustment flexibility. All electromagnets are already installed on the girders and the girders, in turn, have been
pre-aligned on concrete blocks in the tunnel. Presently the
TUPGW003
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CLS 2.2: ULTRA-BRILLIANT ROUND BEAMS USING PSEUDO
LONGITUDINAL GRADIENT BENDS
L.O. Dallin, Canadian Light Source, Saskatoon, Canada
Abstract
A preliminary design for a new storage for the Canadian
Light Source was presented at IPAC'18. More recently, a
reconfigured lattice was presented at the 6th DLSR workshop. The newer lattice employed large βy and small βx in
the straights. This has several advantages including: increased transverse coherence (and brilliance) at small coupling; round beams at small coupling; flatter βy in the
straights; and possible off-axis vertical injection. Most recently, longitudinal gradients in the dipoles have been implemented. This led to the unit cell bends being replaced
by a 'pseudo longitudinal gradient' bend array: B1-B2-B1.
This results in smaller emittance with simple magnet designs while maintaining good dynamic aperture.

INTRODUCTION
A preliminary design [1] for a new storage ring for the
Canadian Light Source (CLS) strived for an ultralow emittance source with adequate dynamic aperture for off-axis
injection in the horizontal plane. Consequently, a large βx
was required in the long straights. At the same time, βy was
made small in order to enhance the brightness by matching
the beam to the photon source in the vertical plane. In such
a configuration, it is difficult to produce round beams in
the straights. In order to achieve round beams a configuration with βy > βx was developed and presented at the poster
session of the 6th DLSR workshop [2]. There are several
advantages to this configuration: the beam brilliance and
coherence fraction are optimized at small vertical coupling;
round(ish) beams are achieved with smaller vertical coupling; βy is relatively flat constant through the straights;
and off-axis vertical injection is possible.
The beam parameters for the preliminary design (CLS
2.0), the DLSR workshop design (2.1) and a new lower
emittance design (2.2) are given in Table 1. (Details of the
new design are discussed in the next section.) From these
parameters, the transverse coherence fraction [3] and relative beam brilliance are calculated for different vertical
coupling, K, where εx ≈ (1 - K)ε and εy ≈ Kε. Figure 1
shows the resutls for a 4 m undulator producing 1 keV or
10 keV photons. Also shown is the aspect ratio (=Σy/Σx) of
the beam in the centre of the long straights. For the designs
with βy > βx the coherence is peaked at the lowest coupling
and the aspect ratio reaches unity (round beam) at smaller
coupling.
With a large βy, injection into the vertical plane is possible. If a booster is used for injection, the beam is typically
damped to a small beam size in the vertical plane. This allows injection in the vertical plane as shown in Fig. 2. A
multipole injection kicker brings the injected beam to an
orbit at Y ≈ 2 mm.

Table 1: Machine Parameters for Possible CLS 2 Lattice
Configurations
CLS
Energy
Size
Periodicity
νx
νy
ε
δ
Straights
βx
βy
ηx
αc
RF freq.
RF voltage
Harm. #
Current
Coupling
Lifetime

2.0
590.4
62.2
22.3
37
0.08
8.94
3.43
0.01
5.0
984
9.9

2.1
3.0
589.8
16
68.2
20.3
39
0.08

2.2

1.24
11.96
0.0
2.6
500
3
983
300
10
5.1

2.23
5.95
0.0
5.4

588.0

GeV
m

66.15
21.3
25
0.10

pm
%
m
m
m
x10-5
MHz
MV

980
9.2

mA
%
hr

Figure 1: Coherence fraction (relative brilliance) and aspect ratio (dashed) vs K [%] for CLS 2.0, 2.1 and 2.2. 1
keV (upper) and 10 keV (lower) photons from a 4 m undulator are shown (K = 10% is considered for operations).

Figure 2: Off-axis vertical injection for the CLS 2.1 lattice
shown at the injection point. A multipole injection kicker
downstream brings the beam to the desired orbit.
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PREPARATION OF THE EBS BEAM COMMISSIONING
S.M. Liuzzo, N. Carmignani, A. Franchi, T. Perron, K.B. Scheidt, E. Taurel, L. Torino, S.M. White
ESRF, Grenoble, France

Abstract
In 2020 the ESRF storage ring will be upgraded to a
Hybrid Multi Bend Achromat (HMBA) lattice. The commissioning of the new ring will require dedicated tools, either
updated from the existing ones or newly developed. Most
of the software and procedures were tested on the existing
storage ring before its decommissioning. In particular we
present experiments on first-turn steering and beam accumulation, check of magnet polarity and calibration, and
injection tuning. The use of a control-system simulator
proved to be crucial for the debugging of the software and
the development of the new control system, as far as beam
measurements and manipulations are concerned.

INTRODUCTION

The ESRF storage ring (SR) is currently being upgraded
to a Hybrid Multi Bend Achromat (HMBA) lattice [1]. The
commissioning of the injectors (linac, transfer lines and
booster) will take place in November 2019, following hardware tests [2]. First beam into the SR will be allowed only as
December 2, 2019. Strict dose limits are set for the storage
ring operation and the full commissioning will have to take
place injecting only when strictly necessary. Procedures to
inject a single shot from the electron gun to the storage ring
have been used in the previous SR and will be applied for
the EBS upgrade.
The minimum parameters targeted during commissioning
are listed in the Table 1.
Table 1: Minimum parameters to be exceeded during SR
commissioning, starting December 2, 2019. MTBF stands
for Mean Time Between Failures.
date in 2020:
Current
MTBF
Up-time
Inj.Eff.
Lifetime
Hor. Emit.
Ver. Emit.
Stability

mA
h
%
%
h
pm
pm
σ

01 March

24 August

Dec.

50
>12
90
>50
>5
<250
<50
<0.2

200
>30
95
>70
>10
<150
<20
<0.1

200
>50
97
>80
>20
∼ 135
<10
<0.05

Goal of the first days of commissioning will be to obtain
first turns in the new storage ring. This is not expected to be
possible without orbit steering [3], and could be complicated
by wrong cabling and magnetic field calibrations. Also
the diagnostics at this stage will need to be synchronized
and adjusted for optimum measurements in turn-by-turn
(TbT) mode and with single shots from the injectors. To
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prepare and test the first-turns correction schemes it has then
been decided to complete a "simulated commissioning" on
the existing SR before its dismantling. This took place in
October and November 2018 and has allowed some major
software debugging.

Diagnostics
The ESRF storage ring (in 2018) holds 7 Beam Position
Monitors (BPMs) per cell, therefore 224 in total (32 cells).
Each of these BPMs have identical geometry with the Sx
and Sy constants of 15 mm for the classical Delta-over-Sum
(DoS) formula [4]. All BPM stations are equipped with
Libera-Brilliance electronics and have Turn-by-Turn (TbT)
capability. The Tango [5] servers of these devices operate
with an anti-smear filter on the raw TbT data buffers coming
from the Libera. This is needed since that raw data suffers
from time-smearing effects due to a limited bandwidth of
that TbT output.
The initial synchronization of all 224 units, needed when
switching to TbT-mode, is performed by simply injecting
the 1 µs long bunch train (typically 352 bunches) from the
Booster Injector into the storage ring (start of cell-4) and
then stopping all the electrons by a scraper jaw that is positioned at the end of cell-3. In this manner both the relative
synchronization between all BPMs, and the absolute synchronization with the 1 µs beam signal (in the 2.816 µs ring’s
orbit turn) is conveniently achieved. Once done this synchronization is maintained for any subsequent injection shots
and measurements.
The storage ring also holds a total 128 Beam Loss Detectors (BLDs) that are synchronized in a similar way [6]. They
also provide their local loss data on TbT rate through their
read-out electronics.
The device servers of the BPMs allow the user to select
between two algorithms for the positonal calculations, the
classical DoS or a set of polynomials. The latter offering
the advantage of improved absolute precision for large beam
displacements from the center of the BPM block. The BPMs
also provide the sum signal (i.e. sum of the 4 button signals)
on TbT rate which constitutes a beam intensity measurement,
on each BPM. The pre-calibration of the sum signals for all
the BPMs can also provide a relative intensity measurement
along the machine. This information is in parallel to that of
the 128 BLDs.

MEASUREMENTS
The measurement setup consisted in switching the existing ESRF storage ring from operational conditions back to
commissioning-like conditions. The following list of settings has been set in the storage ring in order to return the
machine to a commissioning-like state:
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MEASUREMENTS OF THE MOMENTUM COMPACTION FACTOR OF
THE ESRF STORAGE RING
N. Carmignani∗ , W. De Nolf, A. Franchi, Ch.J. Sahle, L. Torino, ESRF, Grenoble, France
B. Nash, Radiasoft LLC, Boulder, CO, USA

Abstract
In a storage ring, the momentum compaction factor can be
obtained by measuring the variation of the beam energy as
a function of the RF frequency. In this paper we present the
measurement of the momentum compaction factor from two
different methods. With the first, we measure the variation
of the undulator spectra for different RF frequencies. With
the second, we measure the variation of the hard x-rays flux
produced by a dipole for different RF frequencies.

INTRODUCTION

Particles with different momenta in a storage ring will
follow closed orbits with different lengths. The momentum
compaction factor αc is defined as
αc =

∆L/L
,
∆p/p

(1)

where L is the length of the closed orbit and p is the momentum of the particle [1].
The period of the particle revolution τ depends on the
momentum deviation, because of the change of closed orbit
length and the change of the particle velocity, as


∆τ
∆p
1
∆p
= − 2 − αc
= ηc ,
(2)
τ
p
p
γ
where γ is the Lorentz factor and ηc is the slip factor. For
high energy electron storage rings, the velocity change due
to a change of momentum is negligible and ηc = −αc .
In a storage ring, the revolution period is defined by the
frequency of the RF cavities. Equation 2 can be written as
∆ fRF
∆p
= −αc
.
fRF
p

• by measuring the undulator spectra [6];
• by measuring the hard x-rays flux from the dipole radiation.
nicola.carmignani@esrf.fr
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The spectrum of the undulator radiation is peaked in some
energies, given by the undulator period λu and the undulator parameter K. The wavelength of the radiation of the
fundamental peak of the undulator spectrum is


K2
λu
(4)
λ1 (θ) = 2 1 +
+ (γθ)2 ,
2
2γ
where θ is the angle from the axis of the radiation cone and
K is the undulator parameter, which is defined as
K=

eB0 λu
,
2πme c

(5)

where e is the elementary charge, B0 is the peak magnetic
field of the undulator, me is the electron rest mass and c is
the speed of light [7].
The energy of the fundamental peak of the undulator radiation is proportional to the square of the electron beam energy.
By measuring the variation of undulator’s peak energy for
different RF frequencies, we can measure αc .
An experiment to measure αc with two ESRF undulator
beamlines (ID20 and ID21) has been performed. ID20 is
located in a high βx and high dispersion straight section,
ID21 is in a low βx and low dispersion straight section (Fig.
1). The dispersion derivative, which comes from magnet
misalignments, is higher in ID21 than in ID20. The position
of the radiation cone at the end of the beamlines changes
more with beam energy in ID21 (Fig. 2).

(3)

In order to measure αc , the variation of beam energy as a
function of the RF frequency can be measured.
There are different ways to measure the beam energy and
the momentum compaction factor. One accurate method is
to measure the spin depolarization [2, 3]. Some measurements and simulations have been performed at ESRF, but
the depolarization resonance was found to be much broader
than in other lower-energy synchrotron light sources and so
the precision on the energy measurement was lower [4, 5].
This paper describes how to measure the variation of the
beam energy and the momentum compaction factor in two
ways:

∗

ENERGY FROM UNDULATOR
SPECTRUM

Figure 1: Linear optics from the orbit response matrix fit in
the straight sections of ID 20 (top) and ID 21 (bottom).
The energy of the fundamental peak of the radiation produced by an undulator depends on the observation angle θ
(Eq. 4): at large angle, the energy is lower. By selecting the
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PERLE: A HIGH POWER ENERGY RECOVERY FACILITY
W. Kaabi†, I. Chaikovska, A. Stocchi, C. Vallerand, LAL, Orsay, France
D. Angal-Kalinin1, J.W. McKenzie1, B.L. Militsyn1, P.H. Williams1, STFC, Daresbury, UK
O.S. Brüning, R. Calaga, L. Dassa, F. Gerigk, E. Jensen, P.A. Thonet, CERN, Geneva, Switzerland
S.A. Bogacz, , A. Hutton, F. Marhauser, R.A. Rimmer, C. Tennant, JLab, Newport News, USA
S. Bousson, D. Longuevergne, G. Olivier, G. Olry, IPN, Orsay, France
B. Hounsell1,2, M. Klein, C.P. Welsch1, The University of Liverpool, Liverpool, UK
E.B. Levichev, Yu.A. Pupkov, BINP SB RAS, Novosibirsk, Russia
1
also at Cockcroft Institute, Warrington, United Kingdom
2
also at Laboratoire de l’Accélérateur Linéaire, Orsay, France
Abstract
PERLE is a proposed high power Energy Recovery
Linac, designed on multi-turn configuration, based on SRF
technology, to be hosted at Orsay-France in a collaborative
effort between local laboratories: LAL and IPNO, together
with an international collaboration involving today:
CERN, JLAB, STFC ASTeC Daresbury, Liverpool University and BINP Novosibirsk. PERLE will be a unique
leading edge facility designed to push advances in accelerator technology, to provide intense and highly flexible test
beams for component development. In its final configuration, PERLE provides a 500 MeV electron beam using high
current (20 mA) acceleration during three passes through
801.6 MHz cavities. This presentation outlines the technological choices, the lattice design and the main component
descriptions.

INTRODUCTION
PERLE facility, here presented, is being as a new generation energy recovery machine uniquely covering the
10 MW power regime of beam current and energy. It is a
compact multiple pass ERL based on SRF technology, to
serve as testbed for validation and testing a broad range of
accelerator phenomena and technical choices for future
projects [1]. Particularly, design challenges and beam parameters (Table 1) are chosen to enable PERLE as the hub
for technology development, especially on SRF, for the
Large Hadron Electron Collider (LHeC) [2].
Table 1: PERLE Beam Parameters

Target parameter
Injection energy
Electron beam energy
Norm. Emittance γεx,y
Average beam current
Bunch charge
Bunch length
Bunch spacing
RF frequency
Duty factor

Unit
MeV
MeV
mm·mrad
mA
pC
Mm
Ns
MHz

Value
7
500
6
20
500
3
25
801.6
CW

PERLE DESCRIPTION
Configuration and Lattice
The PERLE accelerator complex is arranged in a racetrack configuration hosting two cryomodules (containing
four, 5-cell cavities operating at 801.6 MHz), each located
in one of two parallel straights completed with a vertical
stack of three recirculating arcs on each side. The straights
are 10 m long and the 180° arcs are 5.5 m across. Additional space is taken by 4 m long spreaders/recombiners,
including matching sections.
As illustrated in Fig. 1, the total footprint of PERLE is:
24x5.5x0.8 m3 , accounting for 40 cm vertical separation
between arcs. Each of the two cryomodules provides up to
82 MeV energy boost. Therefore, in three turns, a
492 MeV energy increase is achieved. Adding the initial
injection energy of 7 MeV yields the total energy of approximately 500 MeV.
Multi-pass energy recovery in a racetrack topology explicitly requires that both the accelerating and decelerating
beams share the individual return arcs. Therefore the
TWISS functions at the linac ends have to be identical, for
both the accelerating and decelerating linac passes converging to the same energy and therefore entering the same
arc.

Figure 1: PERLE Layout featuring two parallel linacs each
hosting a cryomodule housing four 5-cell SC cavities,
achieving 500 MeV in three passes.
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THE ESRF FROM 1988 TO 2018,
30 YEARS OF INNOVATION AND OPERATION
J-L Revol, L Farvacque, L Hardy, P Raimondi (ESRF, Grenoble)

Abstract

In 1988, eleven European countries joined forces to
build the European Synchrotron Facility in Grenoble
[France]. The ESRF was the first third-generation light
source worldwide. After 30 years of innovation and user
operation, the present storage ring was shut down to leave
room for a new and brighter source. This paper describes
the evolution of the facility from its origin to the Extremely
Bright Source (EBS). Firstly, the operational aspects including reliability and beam modes are considered. This is
followed by the presentation of the progress of lattice and
the implementation of top-up. Finally, the development of
the radio frequency and vacuum systems are discussed. To
conclude, the lessons learned from 30 years operation are
summarized, especially in view of EBS.

HIGHLIGHTS

The ESRF is a European facility supported and shared
by 22 partner nations. This third-generation light source, in
routine operation since 1994 [1], delivers 5500 hours of
beam per year to 42 beamlines with an availability close to
99 %. The accelerator complex consists of a 200 MeV
linac, a 4 Hz full energy Booster synchrotron and a 6 GeV
Storage Ring (SR) of 844 m circumference. The 32 cell
Double Bend Achromat lattice of the SR provides 4 nm.rad
horizontal emittance electron beam. After correction, the
vertical emittance is reduced down to 4 pm.rad. A large variety of insertion devices (in-air undulators, wigglers, invacuum undulators, cryogenic in-vacuum undulators) are
installed in the 28 available straight sections. Bending
magnet radiation is used by 12 beamlines. Since 2009, the
ESRF has embarked on an ambitious Upgrade Programme
of the machine and beamline infrastructures. The second
phase (2015-2022), called Extremely Brilliant Source
(EBS), will see the implementation of a new storage ring
based on a hybrid 7-bend achromat (HMBA), replacing the
existing one [2,3]. Reducing the horizontal emittance to
less than 140 pm.rad (Table 1) will allow a drastic increase
in brilliance and coherence. The long shutdown for installation is ongoing. The old SR is now dismantled and all the
new girders have been installed in the tunnel. Infrastructure
and instrumentation are in the process of being installed.
The beam commissioning will start in December this year.
The facility should resume user operation in August 2020.
Table 1: Main Parameters of the Old and New SR
Energy
Circumference
Nominal current
Horizontal emittance
Vertical emittance

TUPGW009
1400

[GeV]
[m]
[mA]
[nm.rad]
[pm.rad]

6.04
844
200
4
4

6
844
200
0.130
4

OPERATION STATISTICS
Until the end, the operation statistics were very good,
without major impact induced by the EBS project. 2018
represented not only the last delivery with the present SR
but also, an intense period for EBS preparation. Maintaining high machine availability and beam quality, while installing new equipment (like a new timing system) and developing tools in perspective of the new accelerator were
challenging. This year of operation was indeed successful
with 5430 hours of beam delivered out of the 5527 hours
scheduled, giving an availability of 98.47%. The number
of failures was significantly low, leading to a very good
Mean Time Between Failures of 104 hours (Table 2). In
August 2018, the longest interruption occurred which
lasted 29 hours. This was caused by a water hose which
was crushed between a vacuum vessel and a moving jaw
of one permanent magnets insertion device. This resulted
in a deformation of the vacuum chamber in the path of the
beam. During the last 3 weeks of the year, the beam was
delivered at a reduced intensity of 180 mA due to a vacuum
leak in one of the RF cavities.
Table 2: Machine Statistics for the Last Years
Availability (%)
Mean time between failures (hrs)
Mean duration of a failure (hrs)

2016

2017

2018

99.06
93.8
0.88

98.28
64.7
1.12

98.47
104.3
1.6

Figure 1: Evolution of the non-availability.
The beam availability for users was less than 88% at the
start of ESRF in 1994 (9% for failures, 3% for injection).
Thanks to an active program of maintenance, the accelerator reliability steadily increased during the first 10 years of
operation with a downtime for failures reaching less than
2% (Fig. 1). With the implementation of the injection frontends open, the beam remained available to the users during
injection since 2003. With the implementation of top-up in
2016, the injection process was further improved, resulting
in shorter time lost due to refill. This is illustrated in figure
1 with a constant increase of the user beam availability over
the whole lifetime of the machine [4,5].
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STATUS OF THE PETRA IV PROJECT
I. Agapov ∗ , R. Bacher, M. Bieler, R. Böspflug, R. Brinkmann, Y.-C. Chae, H.-C. Chao,
H.-T. Duhme, M. Ebert, H.-J. Eckoldt, H. Ehrlichmann, M. Hüning, U. Hurdelbrink, J. Keil,
J. Klute, B. Krause, M. Körfer, G. Kube, W. Leemans, L. Lilje, N. Meyners, X. Nuel Gavalda,
F. Obier, A. Petrov, N. Plambeck, J. Prenting, C. G. Schroer, G.K. Sahoo, F. Schmidt-Föhre,
H. Schlarb, M. Schlösser, M. Schmitz, T. Tempel, M. Thede, M. Tischer, R. Wanzenberg,
E. Weckert, T. Wilksen, K. Wittenburg, J. Zhang
Deutsches Elektronen Synchrotron, Notkestrasse 85, 22607, Hamburg, Germany
N

Abstract

Introduction to Design Parameters
Similar to other 6 GeV synchrotron upgrades, the science case of PETRA IV is built around techniques requiring
coherent (up to 10 keV) hard x-rays [3]. Due to its circumference, PETRA IV (see Figure 1) is uniquely positioned
to reach a natural emittance of about 10 pm, thus reaching
unprecedented coherence and brightness. The comparison
∗
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PETRA III [1, 2] is a successful 3rd generation synchrotron light source currently operated by DESY Hamburg.
Over the last years various technological advances have allowed to propose and build the so-called 4th generation of
storage rings based on stronger focusing lattices (“MultiBend Achromats”). The successful commissioning of the 3
GeV MAX IV ring ushered in a wave of facility upgrades,
with virtually all major facilities having proposed an upgrade
scenario by now. With its large circumference PETRA is
uniquely positioned to provide ultra-low emittance electron
beams, and in order to continue leadership in x-ray science
into the future an initially small design group was formed
in 2016 to pursue the conceptual design for the facility upgrade. Around three years of design work have resulted in
the Conceptual Design Report which is currently under review and is expected to appear in print towards the end of
the year. This paper presents the status of the PETRA IV
project with a focus on the summary of the storage ring and
injector complex design.
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Since 2016 DESY has been pursuing R&D towards upgrading its PETRA synchrotron light source to a fourthgeneration machine, PETRA IV, which is expected to start
operation in 2027. The conceptual design of a 6 GeV sevenbend-achromat-based lattice with an approx. 10 pm emittance along with critically important technical systems has
been completed. We will present the status of the project, the
expected parameter space of the facility, the lattice design
and beam dynamics issues for the main ring, and the key
technological challenges faced so far.
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Figure 1: PETRA IV facility layout
of brightness to that of PETRA III is presented in Figure 2,
where along with the emittance reduction advances in undulator technology (a short period undulator) and an increase
of beam current by a factor of two have been accounted for.
While initially a lower energy of 5 GeV was foreseen (which
would have resulted in an even smaller emittance), it was
later understood that an energy of roughly 6 GeV is optimal
for photon flux and brightness, especially in the hard x-ray
part of the spectrum. Initially, damping wigglers were foreseen in the lattice, but due to their detrimental effect on the
energy spread were later abandoned.
The experimental runs at PETRA IV will be divided in
two groups: timing mode (with 80 bunches in the ring) and
brightness mode (1600 bunches in the ring). This division is
already present at PETRA III albeit with different filling parameters (with 40 and 960 bunches respectively). In a series
of science workshops it was identified that both modes of
operation are essential for the PETRA IV experimental programme, but requirements on beam parameters in the timing
mode can be somewhat relaxed, since experiments requiring
high degree of coherence will be performed in the brightness mode of operation. The emittance growth with bunch
current and the single-bunch instability threshold influence
the choice of RF parameters and fill patterns. We initially
considered RF frequencies between 100 and 500 MHz. In
the brightness mode no particular gain in emittance could be
made from a lower RF frequency: the natural bunch length
in a higher-frequency RF system is smaller, but the total
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SENSITIVITY STUDIES OF THE PETRA IV LATTICE
I. Agapov ∗
Deutsches Elektronen Synchrotron, Notkestrasse 85, 22607, Hamburg, Germany

Abstract
As the machine with the smallest emittance among the
planned fourth-generation hard x-ray synchrotron light
sources, PETRA IV will have very demanding requirements
on magnet alignment and stability. Several developments
to address mechanical and beam-based stabilization have
been started in connection to that. Here we summarize the
alignment and field error tolerances resulting from startup
and commissioning simulations of the main ring.

INTRODUCTION

PETRA IV is 6 GeV synchrotron light source facility currently being designed at DESY Hamburg. The project is
described in more detail in these proceedings [1]. Early on
it became clear that all candidate lattices become unstable
when alignment errors of 5 to 10 µm (rms) are introduced.
This alignment level is technically possible in principle, but
not feasible for large-scale accelerator installations. So, as
other fourth generation synchrotron light sources, PETRA
IV will have to rely extensively on "machine bootstrapping",
i.e. a set of procedures geared to start up the machine, accumulate beam, and tune the optics to design parameters. The
approach taken for PETRA IV at present was to delay detailed commissioning simulations to the point in time where
both the technical layout is more mature and the high level
control tools featuring a flight simulator mode are established, which would allow to both establish the commissioning procedures and debug the commissioning tools at the
same time. At this stage we concentrated on understanding
if the required diagnostics resolution, tunnel stability etc.
can be achieved. The simulations performed back up our
conclusion that ambitious but realistic alignment goals are
required to guarantee smooth machine operation.

ALIGNMENT REQUIREMENTS

The simplified startup simulations comprises following
steps. A misalignment is applied to the lattice based on the
model described later. Then open trajectory is corrected with
all nonlinear elements switched off. Nonlinear elements are
then ramped in 10% steps, and at each step open trajectory
is corrected with SVD algorithms keeping a small number
of singular values. After that, closed orbit and tune are
corrected in several steps with increased number of singular
values. The resulting chromaticity is not far away from the
design value and is not corrected.
The alignment model is based on the following expression
for individual element offsets
∗
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Figure 1: A realization of misalignment based on model
based on Eq. 1. Here σX =30 µm, σY =30 µm, ΣXG =50 µm,
ΣYG =50 µm, ΣX =400 µm, ΣY =100 µm, Nh =20 and α=1.

∆X,Y = ξX,Y (s) + ζX,Y (s) +



Nh
Õ
AX,Y ,k
2πks
sin
kα
L
k=1

(1)

Here ξX,Y are normally distributed variables with standard
deviations σX and σY , independently distributed for each s
(incoherent), ζX,Y are normally distributed variables with
standard deviations σXG and σYG , independently distributed
for each girder, and AX,Y ,,k are the random amplitudes of
harmonics with standard deviations ΣX and ΣY . Simulations
showed that the results are not too sensitive wrt. the exact
model as long as element offset variation on short length
scales (up to 100 m) is similar, and moderately sensitive
wrt. values of girder alignment, with magnet-to-magnet
alignment being the most critical parameter. An example of
results based on the model described in the caption to Figure
1 are shown in Figures 2 and 3. The alignment specifications
resulting from these simulations are presented in Table 1
The degradation of dynamics aperture and momentum
acceptance have roots in the shape of the tune diagram: for
large momentum offsets (about 1.5%) the tune encounters
a half-integer resonance, while for large amplitude offsets
a fold in the frequency map exists (see Figures 4 and 5).
While the half-integer resonance crossing is expected to be
popssible (see below), it is not yet clear if the DA limitation
by the fold can be overcome. The latter issue is however less
critical in comparison to MA degradation.

BEAM SIZE STABILITY
The residual orbit, dispersion, and beta beating have two
effects on the machine performance: the effective beam size
is increased and the beam dynamics characteristics such
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TUNE AND CHROMATICITY OPTIMIZATION AT BESSY II FOR THE
TRANSVERSE RESONANT ISLAND BUCKET OPTICS ∗
F. Armborst†‡ , P. Goslawski, A. Jankowiak1 , Helmholtz Zentrum Berlin, Germany
1 also at Humboldt Universität zu Berlin, Germany

The exploitation possibilities for stable Transverse Resonant Island Buckets (TRIBs) are under investigation at
the third generation light source BESSY II in Berlin. At
BESSY II TRIBs on a 3rd order horizontal resonance are
used to enable a second stable orbit, longitudinally winding around the core orbit in the transverse x-x -phase space.
The applicability for bunch separation is a main subject of
these studies. Photons emitted on the second orbit are well
separated from those of the main orbit at all beamlines. This
provides the possibility of bunch separation by beamline
adjustment for the timing community without signiﬁcant
impact on the average brightness for other users. Simulations based on linear optics from closed orbits (LOCO) and
nonlinear optics derived from the measured chromaticity
and tune shift with amplitude (TSWA) predict this separation well. Stable operation of the TRIBs optics at BESSY II
has been demonstrated with friendly user experiments in
2018 also conﬁrming the separation simulations predicted.
BESSY VSR, the next major and scheduled upgrade project
at BESSY II features simultaneously stored long and short
bunches. The TRIBs optics would in principle then enable
separation of the diﬀerent bunch lengths at every beamline
oﬀering unique possibilities to the user community. Simulations and measurements aiming to investigate further
possible optimizations of the TRIBs optics are presented.

INTRODUCTION
At BESSY II, TRIBs [1, 2] and the possiblities of optimization and quantiﬁcation of the according optics are under
investigation aiming for a new user operation mode possibly
in combination with the scheduled upgrade BESSY VSR [3].
As previously presented simulation studies [1] show, the
emittance reduction possibilities for the second orbit by
changing the core tune are promising. In this paper measurements of this correlation will be presented and compared to
our simulations. Furthermore simulations and corresponding measurements concerning the second orbit optimisation
by changing the core chromaticity are presented. The general limits concerning the chromaticity for the TRIBs optics
at BESSY II will be given.

PINHOLE MEASUREMENTS
Due to the diﬀraction limit for low photon energies the
synchrotron radiation monitors at BESSY II, the pinhole
systems [4], use high energy X-ray photons with a mean
∗
†
‡
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energy of 16 keV. These photons are ﬁltered from the dipole
radiation and imaged through an array of 11x21 pinholes of
20 μm diameter onto a CCD as shown in Fig. 1.
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Figure 1: Image at pinhole 9 with TRIBs optics and all
current on the second orbit. Three spots correspond to one
pinhole. Coupling [5] gives vertical separation of the beam
spots for the horizontal resonance. The ROI’s are found in
order of the peak height and numbered accordingly. [6]
Hereby each pinhole of the array can be treated as a conventional pinhole camera. For TRIBs optics experiments
it is beneﬁcial to remove the ﬁlter in order to get suﬃcient
amounts of light on the screen allowing shorter eposure times
and live imaging of the island population. This is crucial in
order to easily optimize the tune and chromaticity for stable
TRIBs and the bunch by bunch feedback (BBFB) [7] settings
for fast active population and depopulation of the orbits. The
beam size measurements presented in this paper were also
performed without the high energy photon ﬁlter. Thus, also
using the light of the low energy photons enabling shorter
exposure times at the cost of resolution. Figure 1 shows the
complete image from one of two available pinhole systems
at BESSY II. The image in Fig. 1 was taken using TRIBs
optics and with all electrons on the second orbit. Therefore
3 spots correspond to one pinhole. Before an evaluation
of the individual spotsizes is possible outlier pixels need to
be eliminated and regions of interest (ROI) for each spot
deﬁned. Then for the beam size measurement a bivariate
normal distribution as in Eq. (1) is ﬁtted to each spot.
Λ
e−(a+b+c)/2 + o
2πσx σy


cos2 (θ) sin2 (θ)
+
(x − μx )2
a=
σx2
σy2

f (x, y) =

(1)
(2)

TUPGW013
1411

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPGW014

CHARACTERIZATION AND IMPLEMENTATION OF THE CRYOGENIC
PERMANENT MAGNET UNDULATOR CPMU17 AT BESSY II
J. Bahrdt, W. Frentrup, S. Gottschlich, S. Grimmer, M. Huck, C. Kuhn, A. Meseck, C. Rethfeldt, M.
Scheer, B. Schulz, E. C. M. Rial, Helmholtz-Zentrum Berlin, 12489 Berlin, Germany
Abstract
In fall 2018, the cryogenic undulator CPMU17 was
installed in BESSY II. Before installation, the undulator
was characterized with an in-vacuum Hall probe bench and
an in-vacuum moving wire. Both measurement systems
were developed at Helmholtz-Zentrum Berlin (HZB). The
commissioning of the undulator included the orbit and tune
corrections, optimization of the injection efficiency,
characterization of the heat dissipation, tuning the Landau
cavities for a reduction of the heat dissipation in the taper
sections (temperatures below 60°C) and testing of the
machine protection system. The undulator is ready to
deliver light for beamline commissioning. In-situ spectral
tuning on a high undulator harmonic will be done as soon
as the double crystal monochromator (DCM) is
operational.

INTRODUCTION
CPMU17 [1] will deliver hard photons for the Energy
Materials In-situ Laboratory EMIL [2]. The soft branch is
equipped with the APPLE II UE48, which has already been
installed for more than two years. For BESSY II, CPMU17
is the first in-vacuum undulator (IVU) ever installed in the
ring. The undulator was designed and built at HZB with
strong support from FMB Feinwerk- und Messtechnik
GmbH (www.fmb-berlin.de). The demands of the user
community for greater access to the tender X-ray regime
will lead to further IVUs being built at BESSY II
(including an in-vacuum APPLE II [3]). Two new
magnetic measurement system were developed and built at
HZB for the characterization of this and future devices.

but can be corrected with the tune feed forward system
(Fig. 1).

Figure 1: Vertical (left) and horizontal field integrals of
CPMU17.
The local field distribution was characterized at low
temperature utilizing the in-vacuum Hallprobe bench [5].
An excellent reproducibility was achieved with a yawcorrection after measurement (Fig. 2). Yaw, pitch and
position are derived from the 3-axis interferometer, which
is part of the bench.

MAGNET PERFORMANCE
The CPMU17 magnet girders were assembled after a
sophisticated magnet sorting [4]. The field integrals of the
complete structure were characterized with the new invacuum moving wire system developed at HZB [5].
Excellent wire damping under vacuum was achieved with
a Soborthan covered wire clamp and a 1.5 s-delay before
each measurement. The field integrals were minimized at
room temperature in air utilizing magic fingers at both
undulator ends. These could easily be removed for
rearrangement, even with the vacuum tank in place. The
device is installed in a low-beta section, such that a good
field region of only a few mm is necessary.
During cool down the vertical field integrals see a gap
dependent offset. These can be reproduced in simulations,
and this is due to the temperature dependent partial
saturation of the endpoles. Additionally, a quadrupole term
shows up at low temperatures. This is not yet understood,
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

Figure 2: Individual differences to an average of five
period-filtered 1st-field integrals without (top) and with
yaw-correction.
Since the new SAFALI-system [6] for this bench was not
yet operational, several field scans at different heights were
performed. The fields of each scan were fitted in five
consecutive sections, where each of them amounts to 1/5th
of the undulator length (Fig. 3 left, thin lines). Then, the
TUPGW014
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PETRA III OPERATION AND STUDIES 2018
M. Bieler, I. Agapov, Y.-C. Chae, J. Keil, G.K. Sahoo, R. Wanzenberg,
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
Abstract
At DESY the Synchrotron Light Source PETRA III offers scientists outstanding opportunities for experiments
with hard X-rays of exceptionally high brilliance since
2009. This paper describes the operational schedule, the
operational statistics and the most important beam studies
done at PETRA III in 2018.

mode, very good bunch purity is required. Unwanted
satellite bunches were routinely cleared by making use of
the multi bunch feedback system. Furthermore, PETRA
III was operated this year for a short period in a “timing
mode” with 80 evenly distributed bunches to provide
“timing mode” like conditions for users during a period
when originally “continuous mode” beam operation was
scheduled.

USER OPERATION
During the two-month-long winter shutdown 2017–
2018, which ended in February 2018, an in-vacuum undulator, and a short undulator for the side beamline including front end components were installed for the beamline
P21 in the Ada Yonath experimental hall, see Fig. 1. Preparative work was done for the installation of components
for the beamline P61 which will make use of the radiation
from the damping wigglers in the North. Thanks to essential efforts of all technical groups all activities could be
finished within the schedule. Regular user operation was
resumed on March 26, 2018 after a short commissioning
period of only 5 weeks. A four week long summer shutdown was used to install a new absorber for the synchrotron radiation from the wigglers in north straight section
and front end components for the beamline P61 in the
Paul P. Ewald hall. A photon extraction vacuum chamber
is integrated in the new absorber which will open the
possibility to use the wiggler radiation for the beamline
P61. Furthermore the in-vacuum undulator for the beamline P21b was replaced with an improved version. After a
start-up period regular user operation was resumed on
September 3 and continued until December 21. The necessary maintenance was done in four dedicated service
periods distributed over the year and additionally during
the summer shut-down period. On Wednesdays, user
operation was interrupted by weekly regular maintenance,
machine development activities, and test runs for about 24
hours.
The distribution of the different machine states in 2018
is shown in Fig. 2. In total, about 4200 h had been scheduled for the user run, and in addition 855 h of test run
time were made available to users.
During user runs, the storage ring was operated in four
distinct modes characterized by their bunch spacing. In
the “continuous mode”, 100 mA were filled in 480 or 240
evenly distributed bunches, corresponding to 16 ns or 32
ns bunch spacing. The “timing mode” allows users to
perform time-resolved experiments and is thus characterized by considerably larger bunch spacing of 192 ns,
corresponding to 40 evenly distributed bunches. The
detailed distribution of the operation modes in 2018 is
shown in Fig. 3. For the beam operation in the timing
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Figure 1: The first in-vacuum undulator in PETRA III.

Figure 2: Distribution of the different machine states.

Figure 3: Distribution of the different operation modes.
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NEW OPERATION REGIMES AT THE STORAGE RING KARA AT KIT
A. Papash†, E. Blomley, T. Boltz, M. Brosi, E. Bründermann, S. Casalbuoni, J. Gethmann,
E. Huttel, B. Kehrer, A. Mochihashi, A.-S. Müller, R. Ruprecht, M. Schuh, J. L. Steinmann,
Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract
The storage ring Karlsruhe Research Accelerator (KARA) at KIT operates in a wide energy range from 0.5 to
2.5 GeV. Different operation modes have been implemented at KARA ring, so far, the double bend achromat
(DBA) lattice with non-dispersive straight sections, the
theoretical minimum emittance (TME) lattice with distributed dispersion, different versions of low compaction
factor optics with highly stretched dispersion function.
Short bunches of a few ps pulse width are available at
KARA. Low alpha optics has been simulated, tested and
implemented in a wide operational range of ring and now
routinely used at 1.3 GeV for studies of beam bursting
effects caused by coherent synchrotron radiation in THz
frequency range. Different non-linear effects, in particular, residual high order components of magnetic field
generated in high field superconducting wigglers have
been studied and cured. Based on good agreement between computer simulations and experiments, a new operation mode at high vertical tune was implemented. The
beam performance during user operation as well as at low
alpha regimes was essentially improved. A specific optics
with negative compaction factor was simulated and tested.

INTRODUCTION

The 2.5 GeV KARA storage ring [1] has an four-fold
symmetry (Fig. 1). Eight double bend achromat sections
(DBA) are formed by sixteen 22.5 bending magnets.

Four long and four short straight sections are occupied
by insertion devices (ID), RF stations and injection (Table
1). The flexible lattice of KARA ring allows a variety of
operation regimes, such as the TME mode with distributed dispersion (x=56 nm), the DBA lattice with D=D=0
in all straight sections (x=90 nm). At present a modified
TME optics (Table 2) with high vertical tune (Qy=2.81) is
applied for user operation, where the stored beam at current up to 150 mA is ramped from 0.5 to desired energy
up to 2.5 GeV [2, 3]. Single- and multi-bunch regimes are
available for all operation modes.

COMPUTER MODEL
Computer model of KARA ring, booster and injection
line includes all magnetic elements (Fig.1). The computer
code OPA [4] was used to simulate linear and high order
dynamics at different operation modes. Variation of quads
strengths according to the model allows to adjust betatron
tunes with high accuracy. Sextupoles are treated in a
model as thin lenses with realistic integrated strength.
Few iterations of sextupoles current are required to get the
desired value of chromaticity. High field superconducting
wigglers CAT-ACT and CLIC as well as the superconducting undulator SCU20, are approximated by linear
model and shown by long green lines in Fig. 1. Residual
octupole components of the high field superconducting
wigglers are treated as thin multipole lenses (brown strips
in the middle of ID).
Position and dimension of diagnostic devices like beam
position monitors (BPM), horizontal and vertical correctors (CH, CV) as well as scrapers, kicker magnets were
adjusted to real element locations. Kicker magnets are
described as thin lens correctors. Extraction septum in the
Table 1: Model Parameters of KARA Ring and Beam
Parameter
Energy
Circumference, m
Chromaticity X / Y
Hor/vertical tunes QX / QY
RF freq. (MHz)/RF harmonic
Vacuum, tor / Gas
Number of bunches
Current/charge per bunch, mA/nC

Figure 1: Model of the KARA ring, booster and beam line
[2, 3]. Bending magnets are depicted in blue, quadrupoles
in red and sextupoles are marked in green.
___________________________________________
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Damping time (hor/vert/long), ms
SR Energy loss, keV/turn
Natural energy spr. 0.5/2.5 GeV
Injected beam energy spread
Injected beam emittance

KARA
0.52.5 GeV
110.4
+1 / +1
6.761 / 2.802
500 / 184
10-10 / H2
100
(0.11) / (0.0370.37)
0.5 GeV
380/370/180
2.5 GeV
3/3/1.5
1 (0.5) / 622 (2.5GeV)
1.810-4 / 910-4
410-4
150180 nmr
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SUPERCONDUCTING UNDULATOR COILS WITH PERIOD LENGTH
DOUBLING*
S. Casalbuoni†, N. Glamann, A. W. Grau, T. Holubek, D. Saez de Jauregui, Karlsruhe Institute of
Technology, Karlsruhe, Germany

Abstract
Only since few years it has been demonstrated experimentally that NbTi based superconducting undulators
(SCUs) have a higher peak field on axis for the same gap
and period length in operation with electron beam with respect to permanent magnet undulators (even the ones in
vacuum and cooled to cryogenic temperatures). Another
advantage of NbTi based SCUs with respect to permanent
magnet devices is radiation hardness, widely demonstrated
for NbTi magnets, which is and will become an increasingly important issue with the small gaps in the newest machines as round beam storage rings and FELs.
Moreover, SCU technology allows switching of the period length by changing the current direction in one of separately powered subset of winding packages of the superconducting coils. This feature further broadens the energy
range of the emitted photons, required by the different
beamlines. To this end a 0.41 m long superconducting undulator coil with switchable period length between 17 mm
and 34 mm has been developed. In this contribution we describe the design and report on the quench tests, as well as
on the magnetic field measurements.

INTRODUCTION

Technical working concepts for superconducting undulators have been explored in the past [1]. Short period superconducting undulators and are now successfully operated in the Karlsruhe Institute of Technology (KIT) synchrotron [2] and in the APS storage ring [3].
The Institute for Beam Physics and Technology (IBPT)
at KIT is the institute within the Helmholtz Association
which has driven the development of superconducting undulators in close cooperation with its industrial partner
Bilfinger Noell during the past ten years. The partners have
developed and successfully tested a superconducting undulator with 20 mm period length with electron beam at the
KIT synchrotron. This is the first commercially available
product worldwide: a robust device, with reasonable delivery time, easy handling during installation and operation
[4].
Over the past 10 years unique instrumentation for the
characterization of the magnetic fields and field integrals
of full-scale superconducting insertion devices, necessary
for their R&D, has been developed at KIT [5].
To broaden the energy of the emitted photons, several
light sources apply non in-vacuum permanent magnet undulators with switchable period length called revolvers,
which different magnetic structures are rotated [6].
___________________________________________
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Superconducting undulator technology allows a more elegant solution using the same magnetic structure to switch
the period length. This is performed by changing the current direction in one of separately powered subset of winding packages of the superconducting coils (see Fig. 1).

Figure 1: Scheme of period length doubling for a superconducting undulator coil by changing the current direction in
one subset of windings. a) The circuits are powered to have
the smallest period. b) The current direction of circuit 1 is
changed to obtain period doubling [7].

Figure 2: Superconducting undulator coils with switchable
period length (between 17 and 34 mm) and a magnetic
length of 0.41 m.
With the completion, testing and installation of a superconducting undulator with 20 mm period length (SCU20),
which is in operation at the KIT synchrotron since January
2018, the SCU technology reached the milestone of a commercial available product. The aim is to transfer this
achievement to switchable period length devices. To this
end the first worldwide superconducting undulator coils
with switchable period length have been designed, manufactured and tested in liquid helium.
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PETRA IV STUDY WITH NON-INTERLEAVED SEXTUPOLE SCHEME
H.-C. Chao∗ , X. N. Gavaldà, and R. Brinkmann , DESY, Hamburg, Germany

Abstract

This study is an attempt to design PETRA IV storage ring,
which is an upgrade from PETRA III toward a diﬀractionlimit synchrotron light source, based on the non-interleaved
sextupole scheme. The lattice is constructed by mixing different types of cells. There are two basic building blocks.
The double minus identity (DMI) cell dedicated for the
chromaticity correction with non-interleaved sextupoles is
tightly built up, while the combined function FODO cell
with dispersion suppressors provides straights with small
beta functions ideally for undulators. In addition, the hybrid section including a 10-m long super insertion device
(ID) is custom-made to adapt to DESY’s current site plan.
The beam dynamic behaviors are simulated and discussed.

INTRODUCTION

Pioneered by MAXIV’s multi-bend lattice [1], the
trend of synchrotron light source community is to pursue
diﬀraction-limit storage rings. DESY also plans an upgrade
project of PETRA III toward ultra-low emittance PETRA
IV. Some challenges are the physical constraints such as
the DESY’s site plan and the existing PETRA tunnel. The
schematic layout of PETRA III is shown in Fig. 1.
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Figure 1: Schematic layout of PETRA III/IV with the new
proposed experimental hall. The blue labels indicate the
purposed arrangement for PETRA IV.
For the ultra-low emittance ring design, the multi-bend
structure is important. On the other hand, the ultra-low
emittance ring design faces the challenge in terms of sextupole strengths. With more bending magnets, the disper∗
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sions in dipoles can be suppressed, which leads to stronger
chromatic sextupoles to correct the chromaticity. Therefore
a dilemma exists between small emittance and acceptable
sextupole strengths.
It is relatively easier to ﬁt more bending magnets in the
long arcs in PETRA tunnel. The other advantage of the PETRA tunnel is that it has very long straights, wherein the
RF modules/damping wigglers/injection components can
be clustered together. Therefore the lattice designer can
save more space in the arcs to insert even more bending
magnets. A downside of the PETRA tunnel is that more
components are needed in the very long straights.
The design goals of this research are outlined as follows.
1. Small emittance at 6 GeV in the range of 10-30 pmrad (overall eﬀects including damping wigglers, intra
beam scattering (IBS), etc),
2. At least 5-m straight sections for IDs,
3. Low beta functions to match the electron beam to the
photon beam for optimum brilliance,
4. A new experimental hall in southwest-to-west octant.
Meanwhile, we also need to obey the physical constraints
from the original tunnel which has very long straights. The
other constraint is the preservation of the existing beamlines, including the ones in the two extension halls PXN
and PXE.
In addition, although challenging, we hope to have the
feature of the oﬀ-axis injection for accumulation in the storage ring.

LINEAR LATTICE
Considering DESY’s current site plan, not all of the arcs
can be used for the beamline extraction. Therefore, this design will not be conventional as other third generation light
sources which demand symmetry and straights everywhere
for IDs. Since the tunnel was built for a collider, it’s very
natural to following the collider’s logic to design such a ring.
Strategically, one can mix diﬀerent lattices for diﬀerent purposes due to the tunnel’s long circumference. We will have
the cell dedicated for the chromaticity correction with noninterleaved sextupoles, and the cell which provides straights
for undulators.

ARC1 by DMI Arc
It is well known that sandwiching an −I section by a sextupole pair makes a perfect cancellation of the sextupole
nonlinear kicks in phase space. This technique of noninterleaved sextupole scheme requires more space and is often used in collider lattices [2], since colliders are typically
much more spacious than synchrotron light sources.
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PROGRESS OF THE BESSY VSR COLD STRING DEVELOPMENT AND
TESTING*
H.-W. Glock†, V. Dürr, F. Glöckner, J. Knobloch, M. Tannert, A. Velez, D. Wolk, N. Wunderer
Helmholtz-Zentrum Berlin für Materialien und Energie (HZB), Berlin, Germany
J. Guo, H. Wang, R. Rimmer, Thomas Jefferson National Accelerator Facility (JLab), Newport
News, VA, USA

Abstract
The so-called VSR (Variable Storage Ring) upgrade of
the 3rd gen. light source BESSY II will provide the
capability to simultaneously store long (about 20 ps rms
length) and short (1 ps or less) bunches in the ring. This
will be accomplished by inserting a module with four
superconducting cavities, two of them operating at
1.5 GHz as the third harmonic of the 500 MHz driving
RF, two at 1.75 GHz. The “cold” string of those four
cavities also includes supporting and connecting devices,
as there will be: - three intermediate bellows, all shielded
against leaking fundamental mode cavity fields, one
additionally acting as a collimator for incident
synchrotron light; - two tuneable bellows at the module
ends; - two warm end groups outside the module, housing
toroidal dielectric wake field absorbers, another bellow
and a vacuum pump connection. The recent design
progress of those components will be reported, including
a description of a beam test planned for the central
collimating shielded bellow.

WARM END GROUP

“COLD” STRING SET UP

Figure 1: Prep(aration) phase VSR cold string set up,
featuring only two 1.5 GHz cavities and a modified
central bellow, otherwise being identical to the final
module set up (cf [1], Fig. 1).
The BESSY II VSR upgrade [2] will give the
opportunity to store long and short bunches
simultaneously in the ring, providing alternating buckets
with strong and very weak longitudinal E-field slope. This
will be achieved by the superimposed effect of two kinds
of superconducting cavities, oscillating on the 3rd and 3.5th
harmonics of the 500 MHz fundamental RF frequency of
the ring, i.e. with 1.5 GHz and 1.75 GHz resp.. Two
____________________________________________
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cavities of each kind will be combined in a module as
shown in [1], Fig. 1. For testing purposes, a prep(aration)
phase module without the two 1.75 GHz cavities is
planned, having a “cold” string as shown in Fig. 1. The
denomination of “cold” needs in both cases the
explanation, that first the cavities are not subject of the
discussion here, whereas the warm end groups outside the
module are considered as a natural part of the “cold”
string as they experience a strong field coupling with the
interior cryogenic parts of the module through the
110 mm diameter beam pipe. Also the warm waveguide
loads [3] attached to each of the five waveguides of every
cavity are included in the definition and will be discussed
here in brief.

Figure 2: Cross section of the modified Warm End Group
The Warm End Group (WEG, cf. Fig 2) experienced a
significant re-design caused by engineering needs, being
in its original shape incompatible with proper RF
behaviour. This resulted in a now increased below length
and diameter, the introduction of an additional (partial)
coaxial shielding, modified pumping connections (now
three ports for getter pumps plus one used for a corner
valve), a RF pickup in the taper section and also a
transparent window intended for thermographic
observation of the dielectric absorber ring. The material
of the latter is now finally chosen as Coorstek SC-35. The
beam impedance features a single prominent resonance,
by adjustment of the length of the partial coaxial shielding
now tuned to a frequency of 354 MHz. Thus it is far away
from the 250 MHz beam harmonics, which are prominent
MC2: Photon Sources and Electron Accelerators
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NON-LINEAR FEATURES OF THE cSTART PROJECT
B. Haerer, E. Bründermann, A. Kaiser, A.-S. Müller, A. Papash∗ , R. Ruprecht, J. Schaefer, M. Schuh,
Karlsruhe Institute of Technology (KIT), Kaiserstr. 12, 76131 Karlsruhe, Germany
Abstract
The compact storage ring for accelerator research and
technology (cSTART) is being designed and will be realized
at the Institute for Beam Physics and Technology (IBPT) of
the Karlsruhe Institute of Technology (KIT). One important
goal of the project is to demonstrate injection and storage of
a laser wakefield accelerator (LWFA) beam in a storage ring.
As a first stage the compact linear accelerator FLUTE will
serve as an injector of 50 MeV bunches to test the ring’s performance. A highly non-linear lattice of DBA-FDF type was
studied extensively. The specific features of ring optics are
reported. A special transfer line from FLUTE to cSTART
including bunch compressor and non-linear elements is presented that maintains the ultra-short bunch length of FLUTE.

INTRODUCTION
R&D on laser plasma acceleration is pursued with the
aim to clear up key issues on the feasibility of a new generation of very compact, cost-effective accelerators and sources
of synchrotron radiation [1]. Laser wakefield accelerators
(LWFA) feature short bunch lengths and high peak currents,
combined with a small facility footprint. This makes them
attractive as injectors for synchrotron light sources. For
wavelengths longer than the length of the emitting electron
bunch, the photon emission becomes coherent [1]. Thus, the
intensity of terahertz (THz) to infrared radiation increases
dramatically. However, the repetition rate, typically in the
order of 1 Hz, is very low compared to conventional sources.
Therefore, the combination of a storage ring and a laser
wakefield accelerator might be a basis for a new generation
of compact light sources advancing user facilities to different commercial applications including multi-user medical
applications etc. Meanwhile, the post-LWFA beam is not
directly suitable for injection and storage in conventional
light source facilities because their lattice cannot handle the
high energy spread and divergence [2]. Extensive studies of
possible configurations of a very large acceptance compact
storage ring have been done within the cSTART project at
KIT to provide “proof–of-principles".

LATTICE AND DYNAMIC APERTURE
cSTART is designed to be a very compact test facility
located in the FLUTE experimental hall with a maximum
extend of 14×15 m operating at an energy 50 MeV [3, 4].
In order to be able to handle beam produced by an LWFA,
following requirements have been defined: the momentum
acceptance should be more than δ = ±6 %. For stable storage of the beam a dynamic aperture of at least ±15 mm in
both planes is aimed. In addition, the dispersion function
∗
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Figure 1: Artistic view of the cSTART facility in the first
stage. The FLUTE test facility is installed on the ground
floor, the compact storage ring with large momentum acceptance is installed at a height of about 3 m.
should not exceed 25 cm to prevent dispersive dilution in
the bending sections, which would require a large vacuum
chamber.
These requirements compromise a series of challenges:
the compact size requires bends with large bending angle
while the dispersion has to stay small. In addition, strong
quadrupoles are needed because of the short focusing distance. In combination with the small dispersion this leads to
very strong sextupoles. On the one hand these sextupoles are
needed to compensate the high negative chromaticity, on the
other hand they limit the dynamic aperture and momentum
acceptance which are essential to store LWFA beams.
Various versions for the compact storage ring have been
analyzed so far. Due to the specific requirements of small
value of the dispersion function and lack of free space
the double bend achromat cell with focus-defocus-focus
quadrupoles in the main dispersive part was chosen for further detailed study. Parameters of the ring are listed in Table 1. The current lattice is composed of four equal achromatic sections. Two double bend achromats with mirror symmetry form one cell with total bending angle of 90° (Fig. 2).
The bending magnets have an effective length of 0.5 m and
serve a bending angle of 22.5°, which results in a bending
radius of 1.3 m. They include a quadrupole component contributing to horizontal focussing. Split quadrupole triplets
are located in the dispersive parts of DBA. In-between, a
sextupole magnet is installed in addition to the sextupole
components that are already included in the quadrupoles.
A proper choice of the ring lattice, in particular splitting
of strong quadrupoles in the dispersion sections of the ring,
allowed to reduce their strength from 40 down to <16 m−2 .
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AN ACCELERATOR TOOLBOX (AT) UTILITY FOR SIMULATING THE
COMMISSIONING OF STORAGE-RINGS ∗
Thorsten Hellert† , Philipp Amstutz, Christoph Steier and Marco Venturini
Lawrence Berkeley National Laboratory, Berkeley, CA, USA
Abstract
We present the development of an AT-based toolkit, which
allows for realistic commissioning simulations of storage
ring light sources by taking into account a multitude of
error sources as well as diligently treating beam diagnostic
limitations.

INTRODUCTION

This is a preprint — the final version is published with IOP

To achieve small beam emittance, diffraction-limited light
sources employ aggressive designs based on high-gradient,
small-aperture focussing elements. These make them particularly sensitive to magnet and other lattice errors, thus
complicating the machine start-up. In addition, many of the
new-generation light-source projects are upgrades of existing facilities for which a short dark time is an important goal.
As a result, the traditional view that tends to see machine
commissioning as somewhat disjoined from the design phase
and to be pursued by following a more empirical, hands-on
approach is widely believed to be inadequate. In virtually
all 4th generation light-source projects, commissioning simulations are integral to the design effort and preparation
work for commissioning [1–4]. This is particularly true for
the Advanced Light Source Upgrade (ALS-U) [5–7], where
the design challenges common to all new-generation light
sources are magnified by the tight space constraints and concern both the Storage Ring and the Accumulator Ring to be
built as an expansion of the existing ALS injection system.
Here we report on an extension to the MATLAB®-based
Accelerator Toolbox (AT) [8], the Toolkit for Simulated Commissioning (SC), which was being developed to assist with
the specification of the lattice and other error tolerances,
testing of orbit/lattice correction strategies, and the defini∗
†
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Machine Manipulation

Magnetic Fields

Set Cavity to Setpoint

TOOLBOX DESIGN AND USAGE
Realistic simulations of the operation of a complex machine like an accelerator require not only a good model of
the beam dynamics but also the recognition that only incomplete information about the actual machine state is available
during operation, due to the many unknowns in the machine
geometry, magnetic fields, and beam-diagnostic systems.
In this spirit, the SC toolbox makes a clear distinction
between machine parameters that are accessible during operation on the one hand (e.g. a magnet set-point or a BPM
reading) and the parameters that go into the beam dynamics
simulations (e.g. the field coefficients entering the symplectic integrator through a lattice element) and their results
(e.g. actual beam offsets) on the other hand, thus providing
a framework for supporting high-level scripts that simulate
with realisms the various procedures (e.g. Beam-Based
Alignment) to be encountered during commissioning, that
closely mirrors the reality in the control room. The logic
of this approach is captured by the workflow schematically
shown in Fig. 1. Typical usage of the SC toolbox follows
the steps 1) Initialization of the SC core structure, 2) Error
source definition & registration, 3) Generation of a machine
realization including errors, 4) Interaction with the machine,
which are described in the following.
Initialization: In a first step, the user initializes the toolbox by calling SCinit() with the AT lattice of his or her
machine as input. This sets up an MATLAB®-structure,

Machine State

Beam Reading

Error Model

Set CM to Setpoint
Set Magnet to Setpoint

tion of commissioning procedures. The toolkit specifically
addresses the challenges of rapid commissioning in support
of the ALS-U project but has been designed in full generality
to apply to any storage-ring light source. In this contribution
we give an overview over the design of toolkit and some of
its central capabilities. The source code, including examples
of application is available online [9]. Detailed descriptions
of all functions can be found in the manual.

PolynomA
PolynomB

Injection Pattern

High Level Scripts
Get Response Matrix
Trajectory Correction

Lattice

BPM Reading

Aux. Structures

Beam Current

BBA

…
RF Commissioning

Figure 1: Schematic drawing of the workflow of the SC toolkit. The input for high-level scripts are only BPM readings as
well as machine setpoints, which are distinguished from the actual machine parameters by using a transfer function.

MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

TUPGW021
1441

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPGW022

COMMISSIONING SIMULATION STUDY FOR THE ACCUMULATOR
RING OF THE ADVANCED LIGHT SOURCE UPGRADE∗
Thorsten Hellert† , Philipp Amstutz, Michael Ehrlichman, Simon Christian Leemann,
Christoph Steier, Changchun Sun and Marco Venturini, LBNL, Berkeley, California, USA
Abstract
The Advanced Light Source Upgrade (ALS-U) to a
diffraction-limited soft x-rays light source requires the construction of an Accumulator Ring (AR) to enable swap-out,
on-axis injection. The AR lattice is a Triple-Bend-Achromat
lattice similar to that of the current ALS but to minimize the
magnet sizes the vacuum chamber will be significantly narrower hence requiring a careful evaluation of the magnets’
field quality. This work presents the results of a detailed
error tolerance study including a complete simulation of the
commissioning process.

INTRODUCTION
The proposed lattice for the Advanced Light Source upgrade (ALS-U) [1] into a diffraction-limited soft x-rays light
source is a 9-Bend Achromat reproducing the 12-fold symmetric footprint of the existing ALS [2]. The required small
emittance is achieved by much stronger focusing than in
the present ALS. Stronger focusing leads to larger natural
chromaticities and smaller dispersion. Thus a large increase
in sextupole strength is needed, resulting in small dynamic
aperture on the order of 1 mm2 even for the ideal lattice.
Due to the small dynamic aperture, traditional accumulation injection is not feasible. Therefore, the ALS-U Storage
Ring requires on-axis swap-out injection, which exchanges a
stored bunch train with a replenished bunch train simultaneously. For this purpose a 2 GeV Accumulator Ring (AR) [3]
will be housed in the storage ring tunnel. It will act as a
damping ring for the bunches generated by the booster and
to store the beam for top-off in between swap-outs. Figure 1
shows a schematic drawing of the ALS-U facility.

In order to minimize dark time of the accelerator, the
installation of the ALS-U AR is scheduled during regular
ALS maintenance and two annual shutdown periods lasting
several months. Beam based commissioning of the AR will
take place during regular user operation of the ALS which
limits the available number of beam injections into the AR
significantly [4]. To address the challenges posed by rapid
commissioning and in general to understand how realistic
errors will affect the machine operation and to better define an error tolerance budget we have carried out complete
simulation of machine commissioning. The studies are performed using the Accelerator Toolbox (AT) [5] based Toolkit
for Simulated Commissioning (SC) [6].

SIMULATION SETUP AND ERRORS
The ALS-U AR lattice is similar to the current ALS lattice,
but adjusted to account for the slightly smaller circumference
of about 182 m and further optimized considering the smaller
physical aperture.
The lattice, providing an emittance of 2 nm rad consists
of 12 identical arcs, each equipped with 6 BPMs. Horizontal and vertical corrector magnets (CM) suitable for slow
trajectory correction are installed in six sextupole magnets
and a set of skew-quadrupole corrector coils is added to
one sextupole magnet per sector. A schematic drawing of
the lattice properties including the position of the CMs and
BPMs is shown in Figure 2.
A variety of errors are considered such as static and shotto-shot injection errors, calibration errors, offsets and rolls
of all magnets and their corresponding girders, diagnostic
errors such as BPM offsets and noise, rf frequency, voltage
and phase errors and a circumference error. The baseline
values can be found in Tables 1 and 2. Furthermore, detailed
systematic and random multipole-error tables are included
for all magnets and corrector coils. The limits for the CMs
and skew quadrupoles are 200 µrad and an integrated K value
of 0.1, respectively.

COMMISSIONING SIMULATION
Figure 1: Schematic drawing of the Advanced Light Source
upgrade. Up to four bunches are accelerated every 1.4 s in
the existing linac and booster and then injected into the new
AR. Every 30 s the bunch train in the AR replaces one bunch
train in the SR utilizing a swap-out, on-axis injection.
∗
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We have studied different correction strategies and analyzed them statistically with respect to the corrected machine
properties and success rate of the algorithm. The following sequence for the simulated commissioning procedure
was found to be the best performing one for a variety of
different error assumptions and was therefore used to define an error budget and set diagnostic requirements. The
implemented correction chain can be reviewed in the SC
applications folder [7].
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INCORPORATION OF A MESA LINAC MODULE INTO bERLinPro∗
W. Anders, A. Jankowiak, B. Kuske† , A. Neumann, HZB, Berlin, Germany
K. Aulenbacher 1 , F. Hug, T. Stengler, C. P. Stoll,
Institut für Kernphysik, Johannes Gutenberg-University, Mainz, Germany
1 also at Helmholtz Institut Mainz, Germany,
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Abstract
bERLinPro is an Energy Recovery Linac (ERL) project,
currently being set up at the Helmholtz-Zentrum Berlin für
Materialien und Energie, Berlin, Germany. bERLinPro is
designed as - and for - experiments in accelerator physics
and as a test bed for novel ERL components. MESA is an
ERL project under construction at the Johannes GutenbergUniversität, Mainz, Germany. MESA is designed as a user
facility to perform experiments in dark matter physics and
precision measurements of natural constants. Despite the
diverse goals, the main linac, providing the larger part of the
particles energy, is fairly compatible. It is planned to test and
run the MESA linac module in bERLinPro, prior to its usage
in MESA. The goals and benefits of this unique cooperation
for both projects are outlined in this paper. The necessary
adaptions in bERLinPro, including hardware aspects, the
new optics, and the scope of performance are described.

Figure 1: Installation of bERLinPro in subterranean hall.

This is a preprint — the final version is published with IOP

INTRODUCTION
The goal of bERLinPro is the production of high current,
low emittance cw beams and to demonstrate energy recovery
at unprecedented parameters, [1]. The three stage acceleration consists of an SRF photon gun, an SRF booster linac
with an extraction energy of 6.5 MeVand an SRF main linac
module equipped with three 7-cell HOM damped cavities.
All magnets and the vacuum system of the low energy injector and dump line are installed, Fig. 1. Commissioning of
the diagnostic line and the low energy part of the machine,
i.e. gun / booster / linac replacement straight / dump line, is
planed for spring 2020, Fig. 2. Many of the projects target
parameters, as listed in Table 1, can be shown with this setup
already. Although the design bunch charge of 77 pC can
be reached, the design current of 100 mA requests a further
gun cavity with elaborate high power input couplers. The
energy of 50 MeV can only be reached with a linac module
designed for high current with adequate HOM dampers. Unfortunately, the design and construction of the main bERLinPro linac had to be postponed due to the prioritization of a
parallel running project at BESSY II.
MESA is a 2-turn ERL project currently under construction at Mainz University, [2]. The target parameters of
MESA are listed in Table 2. It utilizes a 100 keV polarized DC photon gun, a normal conducting injector linac
∗
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Figure 2: Layout of bERLinPro: The low energy part is
highlighted in green.
Table 1: bERLinPro Target Parameters
max. beam energy
gun / booster / recirc.
max. avarage current
norm. emittance
bunch length
repetition rate

2.5 / 6.5 / 50.0
100
<1.0
2.0
1.3

MeV
mA
pi mm mrad
ps
GHz

with an extraction energy of 5 MeV, and two superconducting linac modules equipped with two 9-cell TESLA/XFEL
cavities and an energy gain of 25 MeV each, located in the
straight sections of the racetrack type recirculating loops,
Fig. 3. The different energy arcs are vertically stacked. Both
main linac modules have been delivered to Mainz University,
and module tests are ongoing. Due to the necessity of the
extension of the existing subterranean halls, the installation
of the modules at their final location had to be postponed to
2022. This opens up the gap for the planned collaboration.
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PULSE SHAPING METHODS FOR LASER-INDUCED GENERATION OF
THz RADIATION AT THE DELTA STORAGE RING∗
C. Mai† , B. Büsing, A. Glaßl, S. Khan, D. Krieg, A. Meyer auf der Heide,
Center for Synchrotron Radiation (DELTA), TU Dortmund University, Dortmund, Germany
Abstract
At DELTA, a 1.5-GeV electron storage ring operated as a
synchrotron light source by the TU Dortmund University, a
dedicated beamline is used for experiments with (sub-)THz
radiation. Here, an interaction of short laser pulses with electron bunches to give rise to coherently emitted broadband
as well as tunable narrowband radiation from 75 GHz to 5.6
THz. For the narrowband operation of the source, a laser
pulse with periodic intensity modulation is used. An interferometric approach, the chirped-pulse beating technique, is
routinely employed for this purpose. Recently, pulse shaping
techniques using spatial light modulators are investigated to
gain more ﬂexible control of the laser pulse shape and the
spectrotemporal properties of the resulting THz pulses.

INTRODUCTION
The TU Dortmund University operates the 1.5-GeV electron storage ring DELTA as a synchrotron light source. At
the dedicated short-pulse facility [1,2], ultrashort VUV [3,4]
and THz pulses are generated based on an interaction between a 40-fs Ti:sapphire laser pulse and a short slice of a
single electron bunch inside the electromagnetic undulator
U250. The interaction causes a periodic modulation of the
electron energy which transforms to a density modulation.
The laser system, which is operated at a repetition rate of
1 kHz, oﬀers pulse energies of up to 8 mJ. Depending on
the respective experiment, the U250 is operated in diﬀerent
modes. For the generation of CHG radiation in the UV and
VUV regime, it is operated in an optical-klystron-like conﬁguration consisting of three independent sections, modulator
(7 periods), chicane (3 periods) and radiator (7 periods).

because energy-dependent path lengths transform the laserinduced energy modulation into a (sub-)millimeter dip in
the longitudinal electron density. Parameters of the storage
ring are given in Table 1.
Table 1: Parameters of the Electron Storage Ring DELTA
beam energy
circumference
revolution time
multibunch current
single-bunch current
bunch length
horizontal beam emittance
relative energy spread
momentum compaction factor

1.5 GeV
115.2 m
384 ns
130 mA (max.)
20 mA (max.)
100 ps (FWHM)
15 nm rad
7 × 10−4
5 × 10−3

LASER-INDUCED THz RADIATION AT
STORAGE RINGS
Since 2011, broadband radiation is generated at the
DELTA THz beamline. Studies to further shape the emission spectrum started in 2014 with the implementation of
the chirped-pulse beating approach [5–7]. Here, a strechted
and intensity-modulated pulse is used to narrow the emission spectrum. The modulation generated by a Michelson
interferometer and the relative delay between the interferometer arms leads to a beating at (sub-)THz frequencies of the
recombined laser beams. The energy modulation follows the
periodicity of the modulation and hence the THz spectrum
narrows.



Gain Curve and Accessible Frequency Range
 
 

   
 

 
  

Figure 1: Setup for the coherent emission of laser-induced
THz radiation (see text for details).

A theoretical description of the spectrum of laser-induced
THz radiation was given by Evain et al. [8]. The total emission spectrum P(ω) of an electron bunch of Ne electrons
with a single-electron power spectrum Pe (ω) is given by


P(ω) = Pe (ω)Ne 1 + (Ne − 1)g 2 (ω) .

For the coherent emission of laser-induced THz radiation,
only a modulator and a bending magnet as a radiative device
after a dispersive section are needed. A sketch of the facility
is depicted in Fig. 1. THz radiation is emitted coherently
∗
†
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(1)

In the case of a longitudinal density modulation, the form
factor g 2 , which is the squared Fourier transform of the
longitudinal electron density ρ, is expressed as a function of
the laser modulation frequency f , the matrix elements [9] of
linear beam optics r51 , r52 and r56 , the horizontal rms bunch
size σx and divergence and σx and the relative rms energy
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THE DELTA SHORT-PULSE SOURCE: UPGRADE PLANS FROM CHG
TO EEHG∗
A. Meyer auf der Heide† , B. Büsing, S. Khan, D. Krieg, C. Mai, F. Teutenberg
Center for Synchrotron Radiation (DELTA), TU Dortmund, 44227 Dortmund, Germany
Abstract

Δ

At the synchrotron light source DELTA operated by the
TU Dortmund University, coherent harmonic generation
(CHG) is employed to provide ultrashort pulses in the vacuum ultraviolet and terahertz (THz) regime. Here, a modulation of the electron energy induced by an interaction of
an ultrashort laser pulse with an electron bunch is transformed into a density modulation by a magnetic chicane.
This results in coherent emission at harmonics of the laser
wavelength as well as THz radiation. With the planned upgrade towards echo-enabled harmonic generation (EEHG),
much higher harmonics can be achieved by adding a second
laser-electron interaction. The necessary major modifications of the DELTA storage ring and investigations of the
laser-electron interaction will be presented.

ρ ρ

ECHO-ENABLED HARMONIC
GENERATION (EEHG)
laser

modulator

laser

before

after

z/ l
ρ / ρ0

z/ l

Figure 1: Magnetic setup for EEHG, the corresponding longitudinal phase space distributions and the final longitudinal
electron density.
The seeding scheme echo-enabled harmonic generation
(EEHG) [1] comprises two laser-electron interactions in
undulators (modulators), each followed by a magnetic chicane, as well as another undulator (radiator). As shown in
Fig. 1, the first interaction results in a sinusoidal modulation
of the electron energy which is transferred into a striated
phase space distribution by a strong chicane. The second
sinusoidal modulation and chicane tilts the striation which
yields a density distribution with a high-frequency modulation. In the following radiator, this distribution results in the
coherent emission of higher laser harmonics compared to
the coherent harmonic generation (CHG) [2] scheme using
a single laser-electron interaction.
∗
†

Currently, the short pulse source at the university-based
electron storage ring DELTA employs the CHG seeding
scheme [6]. Either an 800- or a 400-nm laser pulse interacts
with a stored electron bunch in an undulator followed by a
magnetic chicane which transforms a sinusoidal energy modulation into a longitudinal density modulation, the so-called
microbunching. This gives rise to the coherent emission of
laser harmonics with a pulse length corresponding to that of
the laser pulse (≈50 fs).
To implement the EEHG scheme at DELTA, the northern
part of the storage ring needs to be remodeled to arrange all
components in a straight section. The parameters of a new
optics are listed in Table 1 together with the parameters of
the present optics.

Parameter

modulation

z/ l

EEHG AT DELTA

Table 1: Main Parameters of the DELTA Storage Ring

chicane

chicane
ΔE / E (%)

r adiator

modulator

While first proposed as a seeding scheme for free-electron
lasers, EEHG can also be applied to storage rings to generate
coherent sub-ps radiation pulses in the extreme ultraviolet
regime.
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Present

EEHG

electron beam energy
1.5 GeV 1.5 GeV
circumference
115.20 m 115.21 m
hor. tune
9.19
8.59
vert. tune
3.28
3.55
mom. comp. factor
4.9 · 10−3 4.7 · 10−3
rel. energy spread
7 · 10−4
7 · 10−4
hor. emittance
16 nm rad 22 nm rad
max. hor. beta function
45 m
22 m
max. vert. beta function
51 m
25 m

Dipole M Magnet Configuration
Replacing the present 7- and 3-degree dipoles with
10-degree dipoles enables a long straight section of about
21 m. Two of these dipoles will be reused by increasing the
current and, thus, the bending angle. Figure 2 shows a sketch
of the northern part of the ring comparing the present and
the future positions of magnets and insertion devices.

Quadrupole Magnet Configuration
The present quadrupole magnets can be reused. The
quadrupole positions and strengths are optimized by simulations performed with elegant [3] to keep the optical functions
outside of the EEHG section mostly untouched. Figure 3
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LOW-ENERGY BEAM TRANSPORT SYSTEM FOR MESA∗
C. Matejcek1† , K. Aulenbacher1,2,3 , S. Friederich1
für Kernphysik, Johannes Gutenberg-Universität Mainz, Germany
2 Helmholtz Institut Mainz, Germany
3 GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany

1 Institut

Abstract
An important part of the new accelerator MESA (Mainz
Energy-recovering Superconducting Accelerator) is the lowenergy beam transport system connecting the 100 keV electron source with the injector. The present setup includes the
chopper and bunching system. The devices are of highest
importance in order to achieve sufficient bunch compression,
particularly at higher bunch charges and currents. With
the circularly deflecting cavity of the chopper system it is
possible to measure the longitudinal profile of the bunches
upstream of the buncher, whereas downstream the longitudinal size will be measured by Smith-Purcell radiation.
Based on experimental results obtained from this setup, we
will discuss the beam parameters and compare them with
simulations of the beamline.

This is a preprint — the final version is published with IOP

INTRODUCTION
The MESA accelerator will serve for particle physics
experiments, in particular the P2 experiment [1] and the
MAGIX experiment [2]. Both make different demands on
the accelerator. While P2 requires high beam availability
and a spin polarized beam, MAGIX asks for high beam
currents. For this reason, the interface MELBA (MESA
Low-energy Beam Apparatus) between the spin-polarized
photosource [3] and the MESA injector must be capable
of spin manipulation, transverse and longitudinal matching,
and transport of high currents. With the very clean beam
that can be obtained from a chopper/buncher system that is a
scaled version of the proven MAMI system [4,5,6], MELBA
is certainly well adapted to the needs of the P2 experiment
that operates at a current of 150 µA. The current operating
voltage of the source is 100 kV, which is relatively low to
provide safe operational conditions for the very sensitive
GaAs photocathodes, which enable spin polarization but do
not tolerate field emission. Transporting the beam at a low
energy facilitates spin manipulation [7] but is a disadvantage
concerning high currents because of space charge forces. In
addition, the beamline is very long due to the installation
of the devices mentioned above. Therefore it is not evident
that the bunch charges of in the order of 1 pC demanded by
MAGIX can be transported and matched through MELBA.
The main purpose of our investigations is if the MELBA
setup can satisfy the requirements of both experiments; oth∗

†
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erwise, a dedicated source with higher acceleration voltage
and shorter injection system would become mandatory.

EXPERIMENTAL SETUP
Figure 1 shows the most relevant components for this investigation of the lattice. Two different laser setups were
used. The first one is a single-mode laser with an elliptical
spot size of σx = 144 µm and σy = 285 µm and a wavelength of 802 nm. The disadvantage of this laser system is
that it is limited to an output power of 25 mW, so that it is not
possible to reach very high currents with a typical photosensitivity of a few mA/W. The laser diode is driven by a pulse
generator. For the presented investigations, a duty cycle of
1/4 and a pulselength of 100 µs, which corresponds to 13000
rf periods, are used. Considering the beam dynamics, this
is equivalent to a dc current. The second laser is a fibrecoupled multi-mode diode with a wavelength of 808 nm, an
elliptical spot size of σx = 560 µm and σy = 780 µm and a
maximum output power of 5 W. For currents up to 10 µA,
the dc mode was used, whereas for higher currents, 260 µs
pulses with an increasing duty cycle up to 1/200 were used,
which is also equivalent to a dc current. This is necessary
for photocathode lifetime reasons and to prevent damaging the diagnostic devices. Both lasers allow to produce a
spin-polarized beam.
100 kV Source
Photocathode

αmagnet

Diode
laser 1

Scanner for
transverse
emittance
measurement

Diode
laser 2

DC beam

Chopped beam

Chopper
system
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Figure 1: Scheme of the test setup.
The idea of diode laser 1 was to have a beam with good
quality as the smaller emitting area leads to a smaller initial
emittance of the electron beam. Therefore, it is useful to
investigate finer details of beam-dynamics, like the small
absolute emittance growth induced by mis-tuning of the
chopper system. The electrons extracted from a photocathode in the source are focused by quadrupoles and solenoids.
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THE INJECTION SYSTEM AND THE INJECTOR COMPLEX FOR
PETRA IV
J. Zhang∗ , I. Agapov, H. Ehrlichmann, X. Nuel Gavaldà, M. Hüning, J. Keil, F. Obier, M. Schmitz,
R. Wanzenberg, DESY, Hamburg, Germany
Abstract

INJECTION SCHEME

The PETRA IV project is to upgrade the current PETRA
III light source to a 4th generation synchrotron radiation
source reaching the diffraction limit of X-ray energies of
about 10 KeV. Due to the small dynamic aperture of the
PETRA IV storage ring, a horizontal on-axis injection is
necessary. In this paper, the preliminary study of the injection scheme is described, including the details of the
injection pattern and the technical requirements of kickers
and septa. A beam abort scheme for the high intensity, low
emittance beam is explained. To meet the requirements for
the on-axis injection, upgrading the injector complex consisting of the Gun, the LINAC and the booster is planned.
Several options are discussed in this paper.

On-Axis Injection Scheme
The dynamic aperture of PETRA IV is on average approx. 5σ and in no case less than 3σ of the injected beam,
when alignment and field errors are taken into account [2],
therefore, a swap-out on-axis injection is planned.
The short straight section (SSS) on the southeast of the
PETRA IV storage ring downstream of the Ada Yonath Hall
is chosen to accommodate both the injection and extraction
section. The optical functions of the section are shown in
Fig. 1. Figure 2 shows a schematic of the injection and
extraction section. The incoming beam is positioned on-axis
with a septum and two stripline kickers.

INTRODUCTION
The project PETRA IV at DESY, Hamburg, aims to upgrade the 3rd generation light source PETRA III to a 4th
generation light source with ultra-low emittance to reach the
diffraction limit [1]. The 2304-m, 6-GeV ring of PETRA
IV consists of eight arcs with a length of 201.6 m and eight
straight sections with two different lengths of 108 m and
64.8 m. To reach the ultra-low emittance, a lattice based
on hybrid multi-bend achromats (HMBA) developed at the
ESRF has been designed, resulting in a natural horizontal
emittance of 17.4 pm rad. Two operation modes are planned.
One is a brightness mode with 80 bunch trains of 20 bunches
each with smaller emittance. The other is a timing mode
with 80 bunches in total, but a higher single bunch intensity.
The design parameters of PETRA IV are summarized in
Table 1.
Table 1: Design Parameters of PETRA IV

∗

Parameters

Brightness
Mode

Timing
Mode

Emit. horz. / vert. (pm rad)
Total current (mA)
Number of bunches
Bunch population (1010 )
Bunch current (mA)
Bunch separation (ns)

< 20 / 4
200
80 × 20
0.6
0.125
4 / 20 (gaps)

< 50 / 10
80
80
4.8
1.0
96

jiexi.zhang@desy.de
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Figure 1: Beta functions of the short straight section SSS.

Figure 2: Schematic of the PETRA IV injection and extraction.
A septum similar to the existing pulsed septum of PETRA
III operated by a half-sine pulse of 170 µs is considered as
the baseline. However, the stored beam is affected by the
stray fields from the eddy currents. To reduce the stray field
effect of the pulsed septum and to increase the stability of
the septum operation, a DC Lambertson septum is under
consideration, too.
Other injection options such as the vertical on-axis injection will be studied in the next phase of the project.
For the extracted beam, two options are possible. The
baseline is to dump the beam immediately after the extraction. Due to the low natural emittance of PETRA IV, the
transverse beam size of the electron bunch is extremely small.
To dump the beam safely, it is necessary to increase the beam

TUPGW029
1465

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPGW031

ELETTRA, PRESENT AND FUTURE
E. Karantzoulis†, A. Carniel, S. Krecic, Elettra – Sincrotrone Trieste, Trieste, Italy

Abstract
The operational status of the Italian 2.4/2.0 GeV third
generation light source Elettra is presented together with
the final version of the upcoming upgrade, the diffraction
limited light source Elettra 2.0.

INTRODUCTION

Located on the outskirts of Trieste, Elettra operates for
users since 1994 being the first third generation light
source for soft X-rays in Europe. During those 25 years,
many improvements were made in order to keep the
machine updated and therefore competitive with the other
more recent and modern light sources already designed to
operate in top-up. Following the successful set in operation
of the full energy injector in 2008, after 14 years of energy
ramping, Elettra established top-up operations [1] in spring
2010, although not originally designed for it. Operating in
top-up proved to be and still is very beneficial for the
machine [2]. Except the above-mentioned big upgrades,
other minor ones took place aiming to the smooth and
reliable operation of Elettra, and many possible scenarios
were studied aiming in increasing the machine capabilities,
as reported previously [3-6]. Those scenarios were not
realized since it has been decided that the light source
should undergo a massive upgrade that will render the
machine competitive for the next 25 years, namely to
replace Elettra with a new diffraction limited light source,
Elettra 2.0.

ELETTRA STATUS

Elettra operates 24 hours/day, seven days a week
delivering more than 5000 hours/year of synchrotron light
from IR to soft x-rays to 28 beam lines of which bending
magnets serve ten. Two beam-lines use light from a
superconducting 49-pole, 64-mm period, 3.5 T wiggler.
Many types of insertion devices are installed such as
planar,
Figure-8,
APPLE
II,
electromagnetic,
superconducting while one beam line uses a canted set of
APPLE II type undulators occupying all the eleven
available long straights while dispersive short straights are
also used for insertion devices. A short undulator in a short
straight serves the TwinMic beam-line while there are
plans for more beam lines.
The machine consists of a 100-MeV linac, a 2.5 GeV
booster and a 2.0/2.4 GeV storage ring. At about 75% of
user-dedicated time Elettra operates at 2 GeV while for the
remaining 25% at 2.4 GeV, being the only facility to
operate at two energies (both in top-up). The main
operating modes are multi-bunch with a dark gap of 42 ns
and hybrid (in 2018 at 42% of the total user beam time) i.e.
multi-bunch with one (for time resolved experiments) or
two single bunches (distant 40 ns in a dark gap of 120 ns

†emanuel.karantzoulis@elettra.eu
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for pump and probe experiments). The operating intensities
are 310 mA at 2 GeV and 160 mA at 2.4 GeV with 5 mA
single bunch(es) is (are) added when in hybrid mode.
In Fig.1, the total availability (green bars) is shown
during the three phases of operation; in fact before 2008
the storage ring ramped in energy, whereas after 2008
operates with a full energy injector and since 2010 in topup. The numbers clearly show a continuous improvement
of the availability.
Another important number indicative of the reliability of
a light source is the Mean Time between Failures (MTBF,
Fig. 1, red bars). The mean maximum time between
failures is currently at about 360 hours with peaks at 550
hours.

Figure 1: Combined graph of Electra availability (in %,
green bars) and MTBF (in hours, red bars).
The downtime distribution amongst the subsystems of
Elettra is shown in Fig. 2, a large portion of the downtime
is due to external causes (electric power surges), RF and
water-cooling that in 2018 after a massive maintenance the
system became unbalanced giving us frequent short
duration beam losses from the water flux interlocks
reflected in MTBF of 2018.

Figure 2: System failures as percentage of user downtime
for 2016, 2017 and 2018.
The top-up availability to the total user scheduled time
since 2010 is above 97% and its value for 2018 was 98.4%.
The remaining percentage indicates functioning in decay
mode due to some failure. In top-up operation, we consider
as downtime when the intensity goes below a certain
threshold (260 mA at 2.0 GeV and 120 mA at 2.4 GeV).
Top-up contributes also to a very good short and long-term
orbit stability. When the air temperature stays constant
within ±1 0C , the long term (2 to 5 days) orbit stability is
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities
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MODE-LOCKED PULSE OSCILLATION OF A SELF-RESONATING
ENHANCEMENT OPTICAL CAVITY
Y. Hosaka*, QST, Takasaki, Gunma 370-1292, Japan
Y. Honda, T. Omori, J. Urakawa, KEK, Tsukuba, Ibaraki 305-0801, Japan
A. Kosuge, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
K. Sakaue, University of Tokyo, Bunkyo, Tokyo 113-8656, Japan
T. Takahashi, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8530, Japan
Y. Uesugi, Tohoku University, Sendai, Miyagi 980-8577, Japan
M. Washio, Waseda University, Shinjuku, Tokyo 169-8555, Japan
Abstract
A power enhancement optical cavity is a compelling
means of realizing a pulsed laser with a high peak power
and high repetition frequency, which is not feasible using a
simple amplifier scheme. However, a precise feedback system is necessary for maintaining the narrow resonance condition of the optical cavity; this has become a major technical issue in developing such cavities. We have developed
a new approach that does not require any active feedback
system, by placing the cavity in the outer loop of a laser
amplifier. We report on the first demonstration of a modelocked pulse oscillation using the new system.

This is a preprint — the final version is published with IOP

INTRODUCTION
A power enhancement optical cavity is a compelling
means of realizing a pulsed laser with a high peak power
and high repetition frequency. In this approach, a laser
pulse train is injected into an external empty optical cavity
whose resonance frequency matches the laser pulse frequency. By stacking many laser pulses coherently, a highpeak-power laser pulse can be realized in the cavity. Since
this approach does not require an additional amplifier that
limits the power density, it becomes possible to reach much
higher power than that provided by the amplifier.
We have been studying the X-ray and γ-ray production
via laser-Compton scattering [1-3] using the high-peakpower laser pulse in the enhancement cavity. In this application, the photon flux is directly related to the stored laser
power in the cavity. Thus, it is necessary to increase the
power enhancement factor of the cavity.
Since the enhancement factor depends on the round-trip
loss of the cavity, high-reflectance cavity mirrors are required. An enhancement factor of ~106 can be realized
when multi-layered dielectric mirrors with a loss on the order of parts per million [4] are used, however, the high enhancement factor has a drawback from the perspective of
cavity length control. For example, the required accuracy
for controlling such a high-enhancement cavity is on the
order of sub-picometer. This can be realized using a stateof-the-art feedback system [5-7] in an environment that
shuts out mechanical and electrical disturbances. Although
maintaining such a sharp cavity resonance is not impossible, it is technically quite difficult.
____________________________________________
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In order to eliminate the technical difficulties associated
with controlling the cavity resonance, we have proposed a
new approach referred to as a self-resonating enhancement
cavity scheme [8]. The scheme is an integrated system of a
laser amplifier and an enhancement optical cavity. In this
scheme, the system automatically provides selective amplification of the laser light that resonates in the cavity.
Hence, active controlling is not required to maintain the
cavity resonance.
A demonstration of the self-resonating cavity operating
in continuous-wave (CW) mode was provided in our previous work [8], where a cavity with an effective finesse of
394,000 was kept resonating without any feedback control.
Now, we have been developing pulse oscillation of the selfresonating enhancement cavity. We provide the first
demonstration of the pulse oscillation in the self-resonating
enhancement cavity in this work.

PRINCIPLES
The conceptual scheme of a self-resonating enhancement optical cavity is shown in Fig. 1. The empty enhancement cavity is incorporated into an outer optical loop,
which contains a laser amplifier. The transmitted light
through the cavity is amplified and then injected back into
the cavity again. Because the enhancement cavity can be
understood as an inner optical loop, the overall system is a
double-loop oscillator. Since the light out of the resonance
condition is reflected by the incident mirror of the cavity,
the cavity works as a filter that transmits the light satisfying
the resonance condition. Therefore, the transmitted light
automatically satisfies the resonance condition in this system. The oscillation starts from a spontaneous emission of
the amplifier and automatically grows to a steady state balancing the amplifier gain with the loop loss.

Figure 1: Self-resonating enhancement optical cavity.
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STATUS OF TEST-ACCELERATOR AS COHERENT THz SOURCE
(t-ACTS) AT ELPH, TOHOKU UNIVERSITY
S. Kashiwagi†, F. Hinode, K. Kanomata, S. Miura, N. Morita, T. Muto, I. Nagasawa, K. Nanbu,
S. Ninomiya, H. Saito, K. Takahashi, H. Yamada and H. Hama,
Research Center for Electron Photon Science, Tohoku University, Sendai, Japan
Abstract
A test-Accelerator as Coherent Terahertz Source (tACTS) has been under development at the Research Center
for Electron Photon Science (ELPH), Tohoku University,
in which an intense coherent terahertz radiation is generated from the femtosecond electron pulses. Velocity bunching scheme in a traveling wave accelerating structure is
employed to generate the short electron pulses, and then
the generation of femtosecond electron pulses was confirmed by spectrum analysis of coherent transition radiation using Michelson interferometer. Coherent transition
radiation and coherent undulator radiation in the terahertz
(THz) region from the short electron pulses have been
demonstrated, and their characteristics such as frequency
spectrum, spatial distribution and polarization were measured and compared with theoretical calculations. We have
succeeded to generate the coherent transition radiation up
to approximately 5 THz and the coherent undulator radiation of narrow bandwidth with a center frequency 3 THz.
At present, development of a variable polarized THz
source using a crossed-undulator system is being carried
out. In addition, we have conducted a beam experiment for
very short period undulator. The status of t-ACTS is presented in this conference.

INTRODUCTION
Terahertz (THz) radiation sources have attracted considerable interests recently, because of their potential applications in material science, medical imaging, communications, etc. THz radiation can be generated with various
ways. In recent years, a compact, high average power terahertz sources based on a solid laser have been remarkably
developed. The average output power of the injectionseeded THz-wave parametric generator (is-TPG) has
reached 10 kW. On the other hand, accelerator-based terahertz sources with large peak power have been advanced
such as free electron laser with optical resonator. With the
increasing power of terahertz sources, their applications
are not limited to analysis etc., and have been used to
change the structure and function of materials.
In many terahertz sources, one of the most efficient
sources is the electron pulse of relativistic energy produced
by an accelerator. A short electron pulse can produce coherent radiation at wavelengths longer than electron pulse
length with the intensity proportional to the square of the
number of electrons contained in a pulse. Electron population in the pulse is typically the order of 107–1010 electrons,
therefore high intense terahertz radiation is emitted form a
___________________________________________

short electron pulse [1]. In this paper, we report the extremely short electron pulse generation and the development of coherent terahertz souse.

EXTREMELY SHORT ELECTRON PULSE
Generation of Short Electron Pulses at t-ACTS
The accelerator system of t-ACTS consists of an S-band
thermionic RF gun, an alpha magnet with energy collimation, 3m-long travelling wave accelerating structure. Velocity bunching scheme is employed for extremely short
electron pulses production [2]. A thermionic RF gun, which
composed of two cavities, was specially designed to manipulate a longitudinal phase space distribution of electron
pulses. The RF phases and amplitude in the cavities can be
tuned independently. The special RF gun is capable of producing electron pulses having a longitudinal phase space
distribution suitable for velocity bunching in the accelerating structure. According to a numerical simulation, 50 fs
electron pulse can be produced by the t-ACTS accelerator
configuration.

Electron Pulse Length Measurements
The electron pulse length has been measured by a streak
camera, which is widely used to measure a pulse length using an optical transition radiation. Although the streak camera has the feature that it can measure the pulse length in
one shot, the temporal resolution is not enough to measure
femtosecond electron pulse. We used a streak camera only
to measure the relationship between the compressed electron pulse length and the injection phase of the beam to
accelerator structure [3].
Femtosecond electron pulse produces a characteristic terahertz radiation when appropriately disturbed, and then
information of the longitudinal pulse shape can be obtained,
since the resulting radiation spectrum is related to the form
factor. We measure a spectrum of coherent transition radiation, and estimate the electron pulse length. Michelson interferometer was installed to obtain an interferogram of the
Table 1: Electron Beam Parameters
Macropulse length
Number of bunches

~2.0 s
~5700 bunches/macropulse

Beam energy

30~50 MeV

Bunch charge

3 ~ 4 pC

Bunch length (z)

0.05~ 2 ps
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A HIGHLY BRILLIANT COMPACT 3 GeV LIGHT SOURCE PROJECT IN
JAPAN
N. Nishimori†, T. Watanabe1,2, H.Tanaka2, QST, Hyogo 679-5148, Japan
1
also at JASRI, Hyogo 679-5148, Japan
2
also at RIKEN SPring-8 Center, Hyogo 679-5148, Japan

Abstract
A compact 3 GeV light source project capable of
delivering the highly brilliant soft X-rays is proposed in
Japan. The storage ring is designed based on a 4-bend
achromat lattice to achieve the low emittance for a small
circumference of about 350 m. The total number of 26
beamlines is available including 12 multi-pole wiggler
beamlines. The natural horizontal emittance is expected to
be around 1.1 nm.rad, and the maximum brilliance will
exceed 1021 photons/sec/mm2/mrad2/0.1% b.w. for the 1 3 keV region with a stored current of 400 mA. The
accelerator components are designed based on the studies
for the SPring-8 upgrade project. A full energy injector
linac equipped with a thermionic gun and C-band
accelerating structures developed for XFEL SACLA is
employed for the low emittance injection beam to the ring.
A future upgrade for the injector linac as an SXFEL driver
is also envisioned.

INTRODUCTION

A highly brilliant compact 3 GeV light source project in
Japan has progressed toward innovations in science and
industry. The light source will be constructed in Sendai,
north-east part of Japan. It will provide brilliant soft X-rays
and also widely cover the wavelengths ranging from EUV
to hard X-rays performing a complementary role to SPring8, the Japan's flagship photon source for the brilliant hard
X-rays. The target light performances are brilliance >1021
photons/sec/mm2/mrad2/0.1% b.w. and coherent ratio R =
10 % at several keV photon energy. The coherent ratio is
defined as
𝑅[%] = 100

with electron beam emittance 𝜀

,
,

and the diffraction

limited photon emittance 𝜀 = . Here beta function at
an undulator with length L is assumed to be matched to the
photon beam: 𝛽 , = 𝐿/2𝜋 [1]. The beam current and
emittance are designed to be 400 mA and 1 nm.rad,
respectively, to achieve the targets. The beam lifetime is
designed to be longer than 5 hours as lifetime is crucial for
reliable light source operations even though top-up beam
injections are routinely used.
Our concept is to deliver the highly brilliant soft X-rays
with high stability and reliability to users by utilizing
advanced accelerator design and technology accumulated
at SPring-8 and SACLA for more than 20 years. Top-up
operations at SPring-8 has achieved the stability of stored

beam current better than 0.06% and the mean time between
failures to be around 200 hours. SACLA is the pioneer of a
compact XFEL facility and one of the leading XFEL
facilities in the world. The new 3 GeV light facility takes
advantage of those experience and knowledge gained at
SPring-8 and SACLA to achieve the design goal. In
addition, the following issues are taken into account:
extensibility to accommodate soft X-ray Free Electron
Laser (SXFEL), feasibility of reliable operation by limited
number of staffs, and tight schedule and moderate budget
for construction.
Table 1: Main Parameters of 3 GeV Storage Ring
Parameter
Beam energy [GeV]
Circumference [m]
Number of cells
Long straight section [m]
Short straight section [m]
Betatron tune (x/y)
Natural chromaticity (x/y)
Natural horizontal
emittance [nm.rad]
Momentum compaction
factor
Natural energy spread [%]
Lattice functions at LSS
(𝛽 /𝛽 /𝜂 ) [m]
Lattice functions at SSS
(𝛽 /𝛽 /𝜂 ) [m]
Damping partition number
(Jx/Js)
Damping time
(𝜏 /𝜏 /𝜏 ) [ms]
Radiation loss in bends
[MeV/turn]
RF frequency [MHz]
Harmonic number

Value
2.998
348.8432
16
5.44×16
1.6427×16
28.17/9.23
-60.50/ -40.99
1.14
0.000433
0.0843
13.0/3.0/0.0
4.08/2.962/0.052
1.389/1.611
8.091/11.238/6.976
0.621
508.75905
592

ACCELERATOR SYSTEM
The accelerator complex of the new 3 GeV facility is
composed of a compact storage ring with a circumference
of 350 m and a compact 110 m injector linac in length (see

___________________________________________
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1 mA STABLE ENERGY RECOVERY BEAM OPERATION WITH SMALL
BEAM EMITTANCE
Takashi Obina∗ , Dai Arakawa, Masato Egi, Takaaki Furuya, Kaiichi Haga,
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Abstract

A compact energy-recovery linac (cERL) has been operating since 2013 at KEK to develop critical components for
ERL facilities. To achieve a high averaged beam current of
1 mA with continuous-wave (CW) beam pattern while keeping small emittance from 500 kV DC-photocathode gun, it is
essential to design and perform a beam-tuning at low-energy
beam transport. Also, we found that the combination of
beam collimators and the various kind of beam-tuning can
improve the beam-loss ratio below 10−7 order. Sometimes
the cERL has been operated under wide variety of machine
parameters, for example, the highest total beam energy is
decreased from 20 MeV to 17.6 MeV depending on a condition of super-conducting cavities, and the beam rep-rate of
1300 MHz or 162.5 MHz depending on the purpose of CW
experiments. In each operational parameters, we successfully conducted the 1 mA CW operation and the efficiency
of the energy recovery was confirmed better than 99.9 %.

INTRODUCTION

The compact energy-recovery linac (cERL) has been
constructed and operating in KEK. Main purpose of the
cERL is to develop key components for future high averagecurrent electron source with low emittance, such as a DCphotocathode gun and a cutting-edge superconducting cavity
technologies. Also, to maintain low-emittance beam, understanding and handling of beam dynamics are the key issues
to be proofed in the cERL. Figure 1 shows the layout of the
cERL. Electron beam produced by the 390–500 kV gun is
accelerated in the injector superconducting (SC) cavities
about 2–5 MeV (shown as Ein j in the figure), then accelerated in the main linac (ML) SC cavities up to 17.6–20 MV
(shown as Ecir ). The beam travels the re-circulation loop,
∗
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which can compress the bunch for THz experiment or lasercompton scattering experiment. After the recirculation loop,
the beam is decelerated in the ML-SC down to the same
energy as the injection energy, and delivered to the beam
dump. Benefit of using the SC cavity enables the beam energy to be recovered for the acceleration of next beam. After

Figure 1: Layout of the cERL. Einj and Ecir indicates the
beam energy after the injector linac and after the first passage
of main linac, respectively. After the recirculation loop, the
beam is decelerated down to Einj .
the first beam commissioning in December 2013, a maximum beam-current has been increased step-by-step each
year, namely, 1 µA in 2013, 10 µA, in 2014 and 100 µA in
Mar/2015. Details of design, construction and the result of
initial commissioning were already reported in ref. [1]. After
the initial commissioning, we carried out the beam tuning to
achieve the 1 mA average current at first [2], and also tried
to establish the beam operation for laser-compton scattaring
(LCS) experiment to show the full advantage of ERL type
machine as the compact X-ray imaging source [3]. Also,
bunch compression has been examined because the cERL
has a potential to be an intense THz radiation source which
cannot be achieved in other types of accelerator. Recent
remarkable result for coherent terahertz radiation is reported
in another paper [4].
This paper describes the R&Ds to realize stable 1 mA
CW operation while keeping low emittance beam under the
various RF cavity conditions.
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SYSTEMATIC MEASUREMENTS OF THE COHERENT THz SPECTRA
BY MAGNETIC BUNCH COMPRESSION AT THE COMPACT ERL
Miho Shimada∗ , Yosuke Honda, Tsukasa Miyajima, Takashi Obina,
Norio Nakamura, Takashi Uchiyama, Ryukou Katoh
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan
Takahiro Hotei
SOKENDAI, Tsukuba, Ibaraki, Japan

Abstract

Short electron bunch beam is one of the key elements of
a Free Electron Laser (FEL) or intense THz coherent light
source. The Energy Recovery Linac (ERL) has the strong
advantage of operation of such an electron bunch at high
repetition rate and is expected to increase the photon flux.
At the Compact ERL in KEK site, we have demonstrated the
magnetic bunch compression at the 180-degree return arc
and measured the THz spectra of the Coherent Transition
Radiation (CTR). This paper reports the revamped THz
beamline and the improvement of the beam tuning as well as
the systematic measurements of the THz spectra by magnetic
bunch compression.

INTRODUCTION

Energy recovery linac (ERL) based on CW superconducting linac has the potential to realize high-quality beam
satisfying simultaneously low transverse emittance, short
bunch length, and high average beam current. Such a highquality beam is expected for a free electron laser, coherent
THz radiation, and short pulse X-ray. The compact ERL
was constructed as the test facility at KEK site. The beam
commissioning has been intermittently performed for several years to develop the scientific and industrial application.
We systematically performed the measurement of the bunch
compression.

BUNCH COMPRESSION AT THE
COMPACT ERL

Layout and Optics Ttuning
To avoid the emittance growth due to the space charge
effect and coherent synchrotron radiation (CSR) wake at the
low electron energy, the bunch length is compressed after
the full acceleration.
The bunch compression is based on the following equation.
∆z = R56 δ + T566 δ2 + · · ·
(1)

where ∆z is the change in the longitudinal position, δ =
∆p/p0 is a momentum deviation, R56 and T566 are the element of the transfer matrix. The slope of the longitudinal
phase space created by off cres can be changed at the following non-zero R56 arc section.
∗
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Figure 1: Layout of the main linac and the arc section of the
compact ERL.
The schematic and layout of the bunch compression are
shown in Fig. 1. The full beam energy at the recirculation
loop is 17.9 MeV. The RF phase is shifted by an only downstream second cavity of the main linac. The beam energy
and its energy spread are measured at the screen monitor
just behind the first 45-degree bending magnet. Although it
is composed of four bending magnets, the optics is similar
to a called triple bend achromat (TBA). The screen monitor and BPM are placed at the center of the arc section.
Quadrupole triplets and sextupole magnets control R56 and
T566 , respectively. In the cERL layout, the symmetric linear
optics enables us to estimate R56 from the dispersion function at the center of the arc section ηxc , R56 = 1.41ηxc −0.34.
According to the design optics, when the change in the focus
strength of the QM01, QM02 and QM03 from the achromat and isochronous optics is approximately maintained at
the ratio of -1:2:0, R56 can be controlled with keeping the
achromat condition. It is used as a tuning knob of the triplet
quadrupole in the arc section.

Measurement System of THz Coherent Transition
Radiation
Coherent synchrotron radiation (CSR) from a bending
magnet is non-destructive for the electron beam, therefore
the bunch length estimation is possible even high average
beam current operation. However, the bunch length varies
in the bending magnet in the bunch compression. Therefore
the spectra of the coherent THz radiation (CTR) is utilized to
estimate the bunch length at the south straight section. The
electron beam is operated in low current during the CTR
measurement destructing the electron beam.
The measurement system of the interferometer for CTR is
shown in Fig. 2 [1]. The CTR spectrum is measured with a Si
bolometer: the CTR path can be switched to the narrowband
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STUDY ON COHERENT THz RADIATION USING TILT CONTROL OF
ELECTRON BEAM
Y. Tadenuma†, M. Brameld, T. Murakami, M. Washio, RISE, Waseda University, Tokyo, Japan
K. Sakaue, The University of Tokyo, Tokyo, Japan
Abstract
When the velocity of the charged particles is faster than
the light velocity in a medium, Cherenkov radiation is produced at an angle dependant on the refractive index of the
medium. We can obtain coherent radiation by matching the
tilt of the electron beam with the Cherenkov radiation angle,
which is very useful as a high intensity THz pulse source.
In this study, we use an rf transverse deflecting cavity, in
order to give a tilt to electron beam. In our previous study,
broadband THz pulse was generated by focusing the transverse size of the electron beam using quadrupole magnets.
However, it is necessary for a more advanced light source
to have monochromaticity and wavelength-tunability.
Therefore, we tried to enhance only a specific wavelength
by applying a periodic structure to the electron beam using
multi slit. At the conference, we will report the principal of
quasi monochromatic Cherenkov radiation, the experimental results and future prospects.

INTRODUCTION
Terahertz (THz) radiation is electromagnetic waves that
have a frequency range between 0.1 THz ~ 10 THz. In recent years, THz wave research has developed, and there are
several THz light sources such as quantum cascade laser,
intense laser based sources and accelerator based sources.
With the development of THz light sources and detectors,
research on THz applications has also progressed. THz
wave has some unique characteristics such as low energy
compared to X-ray and some specific absorption peak
unique to the substance. Imaging and spectroscopy techniques that apply these features are researched in variety of
fields including security, medicine, biology, and communication.
At Waseda University, we have been developing a new
THz light source by coherent Cherenkov radiation using
tilted electron beam. In our previous study, we used quadrupole magnets (Q-mag) to focus the electron beam and
generate coherent radiation[1]. In this method, THz pulse
has broadband frequency component depending on the
electron beam size. In order to generate a monochromatic
THz radiation, we introduced a periodic structure to the
electron beam. THz pulses generated from the electron
beam with periodic structure are composed of micro pulses
that reflects the structure. Because only the frequency corresponding to that period is enhanced, a monochromatic
pulse is generated. For this research, we have designed the
multi slit for the electron beam spatial modulation and investigated the monochromatization of THz pulse.
___________________________________________

GENERATION OF THZ RADIATION
Coherent Radiation
In order to obtain intense radiation from the electron
beam, it is significant to match the phase of the radiation
wave from each electron. A measure of how well the phases
are matched is called coherence. As shown in Fig. 1, when
the traveling direction length of electron bunch (bunch
length) is sufficiently shorter than the radiation wavelength, the phase of radiation is matched and there are
many coherent components. On the other hand, incoherent
radiation is produced when the bunch length is longer than
the radiation wavelength. The total radiation intensity due
to coherence is theoretically analysed, and the total radiation intensity is defined as:
(1)
𝑃 = 𝑝 𝑁 1 + (𝑁 − 1)𝑓(𝜆)
where 𝑃 is the total radiation intensity, 𝑝 is the radiation
intensity per electron, 𝑁 is the numbers of electrons and
𝑓(𝜆) is called form-factor that represents the electron distribution in the bunch. The value of 𝑓(𝜆) is in the range of
0 ≦ 𝑓(𝜆) ≦ 1, and 𝑓(𝜆) = 1 if completely coherent and
𝑓(𝜆) = 0 if completely incoherent. Therefore, Eq. 1 can be
written as:
𝑃=

𝑝 𝑁
𝑝 𝑁

(𝑖𝑛𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡)
(𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡)

(2)

The total radiation intensity is proportional to the square of

Figure 1: Radiation from the electron bunch longer and
shorter than the wavelength of radiation.
the number of electrons as the coherent components increases[2].

Cherenkov Radiation
Cherenkov radiation is electromagnetic radiation generated like a shock wave when the velocity of charged particles exceeds the phase velocity of light in the medium.
Charged particles induce polarization in the medium and
when it returns ground state, electromagnetic waves are
emitted. The schematic of Cherenkov radiation is shown in
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ERROR STUDY AND CORRECTION OF HEFEI ADVANCED LIGHT
SOURCE∗
D. Xu, Z. Bai, W. Li† , University of Science and Technology of China, Hefei, China

Abstract

Hefei Advanced Light Source (HALS) is a future diffraction limited storage ring. The machine performance under
all kinds of magnet errors is a vital component in physical
design. In this paper, we present our work on the closed orbit correction, the linear beam optics compensation and the
coupling control in HALS. After correction, the dynamical
aperture can suffice the injection scheme.

INTRODUCTION

HALS is a fourth generation synchrotron radiation light
source based on the Diffraction Limited Storage Ring with
a beam energy of 2.4 GeV. Its designed emittance in recent lattice version is about 25 pm · rad which reaches the
diffraction limit of soft X-ray. In order to achieve such ultralow emittance, HALS adopts strong quadrupoles to depress
dispersion and strong sextupoles to perform chromaticities
correction. As a consequence, the whole system is sensitive
to the magnet errors and the lattice performance under errors has to be checked to verify the feasibility of the physical
design.
The ring consists of 30 cells. Figure 1 shows the layout of one cell [1]. Each cell accommodates 12 BPMs, 12
orbit correctors, 12 sextupoles, 18 quadrupoles, 5 longitudinal gradient dipoles, 2 dipoles and 2 reverse dipoles. The
positions where the orbit correctors to put are choosn to
minimize the residual closed orbit in both horizontal and
vertical directions [2].

The magnet elements of a storage ring can never be placed
at their ideal positions. To simulate a real machine, we have
to assume a statistical variation of their positions. Only static
errors are considered in this paper, e.g. misalignments and
multipole errors.
Six variables are needed to determine the position and
orientation of a rigid body. Three of them are ∆X/Y /Z to
the ideal point, and the others are rotation around x/y/z
axis where x/y/z refer to the horizontal, vertical and longitudinal directions respectively. We consider ∆X/Y /Z and
rotation around longditudinal axis in our simulation which
is consistent with elegant [5]. In HALS, groups of magnets
are mounted onto girders which introduce strong coherence
between magnet elements. The girder errors also should be
considered in simulation. In conclusion, Table 1 summarizes
all alignment errors.
Table 1: Error Sheet for Misalignment. All values are RMS,
truncated at 3σ.
Type

∆X/∆Y (µ m

∆Z(µm)

∆θ z (µm)

Element
Girder

30
50

100
200

150
150

SIMULATION RESULTS
Correction requires control of closed orbit distortion, linear beam optics compensation and coupling control in order
to approximately recover the performance of the ideal lattice.

Orbit Control

In the following sections, we will present the orbit and
linear beam optics correction results of lattice shown in

†

MAGNET ERRORS

In addition, multipole errors are also considered. The data
is given in [6].

Figure 1: HALS optical functions for one cell. The blue,
red and cyan squares are dipoles (with or without gradient),
quadrupoles and sextupoles respectively. The black dots on
the base line are BPMs. The blue triangles are orbit corrector
while the red arrows are where skew quadrupoles to put.

∗

Fig. 1 under all kinds of magnet errors. The orbit correction
is carried out with Singular Value Decomposition (SVD)
method [3]. The linear beam optics is fitted by the Linear
Optics from Closed Orbits (LOCO) [4].
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The response matrix is used for the closed orbit correction. The goal of the orbit correction is to bring the RMS
orbit to the level of misalignment errors while keeping the
maximum corrector strength within acceptable level. There
are totally 360 BPMs and 360 orbit correctors in our scheme.
Every corrector corrects the horizontal and vertical orbits at
the same time. Since we have utilized NSGA-II algorithm
for optimizing the global correctors layout, the correction
efficiency is improved that we can use all singular values in
our correction without cutoff.
The correction result is listed in Table 2. After correction,
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STUDY OF SEVEN-BEND ACHROMAT LATTICES WITH INTERLEAVED
DISPERSION BUMPS FOR HALS
Zhenghe Bai*, Wei Li, Gangwen Liu, Derong Xu, Tong Zhang, Lin Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei, China
Abstract
Previously, we proposed a multi-bend achromat (MBA)
lattice concept, called the MBA with interleaved dispersion
bumps, which was then used to design a 7BA lattice for the
Hefei Advanced Light Source (HALS) storage ring. Recently, such a 7BA lattice was further designed and optimized for the HALS by changing the number of lattice cells,
scanning working point and employing octupoles. And two
new HALS designs with such 7BA lattices have been made,
one with 30 lattice cells and a natural emittance of 25
pm·rad and the other with 28 cells and 33 pm·rad. They
had much better nonlinear dynamics performances than the
previous design. The detailed study for these two HALS
lattices will be presented in this paper.

INTRODUCTION
Hefei Advanced Light Source (HALS) [1] will be a soft
X-ray diffraction-limited storage ring with an emittance of
tens of pm·rad at 2.4 GeV. The R&D for the HALS is ongoing. To achieve better nonlinear dynamics performance
at such an ultra-low emittance, several multi-bend achromat (MBA) lattice concepts have been proposed and studied for the HALS storage ring [2-5]. After a comparison of
these lattice concepts, the MBA with interleaved dispersion
bumps (IDB-MBA) [3] was chosen as the preferred option
for the HALS. Figure 1 shows the schematic of the IDB-MBA
lattice concept. In each lattice cell of the IDB-MBA, two
pairs of interleaved dispersion bumps are created, and the
phase advance between each pair of bumps satisfies the
condition for cancellation of nonlinear effects induced by
normal sextupoles. The IDB-MBA has one more pair of
bumps than the hybrid MBA [6] so that more sextupoles
can be accommodated, which is beneficial for enlarging
dynamic momentum aperture (MA).

working point and employing octupoles, the ability of the
IDB-7BA lattice will be further explored in the HALS lattice design.

IDB-7BA LATTICE DESIGNS FOR HALS
We will reduce the number of lattice cells from 32 [4] to
30 and 28 to study the IDB-7BA lattice for the HALS.

HALS with 30 Lattice Cells
We first present the storage ring design with 30 identical
IDB-7BA lattice cells for the HALS. Figure 2 shows the magnet layout and linear optical functions of the designed IDB7BA lattice. The phase advances between each pair of dispersion bumps are about (1.5, 0.5)×2π. The first and last
two bends, as well as the middle bend, are longitudinal gradient bends (LGBs) with the dipole field profiles shown in
Fig. 3. The profile of the second LGB is non-symmetric.
The middle LGB has a high dipole field of 2 T as the radiation source for bend beamlines. Note that there is no defocusing quadrupole close to the middle LGB. Besides,
there are two reverse bends in the 2nd and 3rd dispersion
bumps. Some main parameters of the designed storage ring
are listed in Table 1. The natural emittance is 24.7 pm·rad.

Figure 2: IDB-7BA lattice of the design with 30 cells.
Table 1: Main Parameters of Two HALS Designs

Figure 1: Schematic of the IDB-MBA lattice concept.
We have made a storage ring design with 32 IDB-7BA
lattice cells for the HALS [4]. In this paper, some further
studies on such an IDB-7BA lattice will be done for the
HALS. By changing the number of lattice cells, scanning
___________________________________________
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Parameters
Energy (GeV)
Circumference (m)
Nat. emittance (pm·rad)
Tune vx
Tune vy
Nat. chromaticities
Momentum compaction
Long straight length (m)
βx, y at long straights (m)

30 cells

28 cells
2.4
672

24.7
71.296
23.296
-97, -110
5.0×10-5
5.4
7.36, 3.63

33.3
68.172
24.172
-87, -121
6.6×10-5
6.4
5.59, 2.94
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SUPER-PERIOD LOCALLY SYMMETRIC LATTICES FOR DESIGNING
DIFFRACTION-LIMITED STORAGE RINGS
Zhenghe Bai*, Gangwen Liu, Wei Li, Lin Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Yongjun Li, Brookhaven National Laboratory, Upton, New York 11973, USA

Abstract

To achieve better nonlinear dynamics performance for a
diffraction-limited storage ring, previously we proposed a
locally symmetric multi-bend-achromat (MBA) lattice
concept, where beta functions are locally symmetric about
two mirror planes of each lattice cell. To have both highbeta long straight sections for beam injection and low-beta
ones for higher brightness of insertion device radiation,
many storage ring light sources use super-period lattices.
The locally symmetric MBA lattice can be naturally extended to the super-period case. In the super-period locally
symmetric (SP-LS) lattice, many nonlinear dynamics effects can be effectively cancelled out within one super-period lattice cell, and also there are many knobs to be used
for further nonlinear optimization. As examples, two SPLS lattices have been designed towards diffraction-limited
emittances.

lattice concept will be made from the LS-MBA lattice, and
it is a natural extension since the LS-MBA lattice can be
treated as a combination of two quasi-period parts. Figure 1 shows the schematic of the LS-MBA lattice concept.
In each lattice cell of the LS-MBA, horizontal and vertical
beta functions are made locally symmetric about two mirror planes, and the horizontal and vertical phase advances
between the two mirror planes satisfy:
μx=(2m+1)π, μy=nπ,

(1)

where m and n are integers. Equation (1) is the condition
for cancellation of nonlinear effects induced by normal
sextupoles. In this paper, a SP-LS triple-bend achromat
(TBA) lattice will be designed for a storage ring with the
same energy and circumference as NSLS-II, and a preliminary design of a SP-LS 7BA lattice will also be presented.

INTRODUCTION

Diffraction-limited storage rings (DLSRs) are being developed around the world with multi-bend achromat (MBA)
lattices adopted to reduce the electron beam emittance.
Longitudinal gradient bends (LGBs) and reverse bends
(RBs) can also be employed for further emittance reduction.
For a DLSR with an ultra-low emittance, the nonlinear dynamics effects are generally very serious. So effective nonlinear cancellation schemes are usually required to improve
the dynamic aperture (DA) and momentum aperture (MA).
Both the nonlinear cancellation in the hybrid MBA lattice
[1] and that in the SLS-2 lattice [2] are done within one
lattice cell, which are generally more effective than the
cancellation over some lattice cells. In the lattice design for
the HALS [3], a soft X-ray DLSR with a goal of emittance
of tens of pm·rad, we have proposed two kinds of MBA
lattices with novel nonlinear cancellation schemes, the locally symmetric MBA (LS-MBA) [4] and MBA with interleaved dispersion bumps (IDB-MBA) [5-7]. In these two
MBA lattices, not only the nonlinear cancellation is effectively done within one lattice cell, but also many knobs can
be reserved for further nonlinear optimization.
To provide both high-beta and low-beta long straight
sections for beam injection and higher brightness of insertion device radiation, respectively, super-period lattices
have been used in many third-generation light sources and
several DLSRs, such as NSLS-II, Sirius and HEPS. We
have extended the IDB-MBA lattice to a super-period case
[8]. In this paper a super-period locally symmetric (SP-LS)
___________________________________________
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Figure 1: Schematic of the LS-MBA lattice concept.

SP-LS LATTICE
The LS-MBA lattice can be easily extended to a SP-LS
lattice consisting of two basic lattice cells, since there are
two quasi-period parts in the LS-MBA lattice. Figure 2
shows the schematic of such a SP-LS lattice. Two mirror
planes are also the middle planes of the two basic lattice
cells with the phase advances satisfying Eq. (1). In the LSMBA lattice, there is a region with larger beta functions
and lower dispersion in the arc section for producing locally symmetric beta functions, which is, however, not
good for enlarging DA. While in the SP-LS lattice, such a
region is avoid.

Figure 2: Schematic of a SP-LS lattice, consisting of two
basic cells.
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STUDY OF THE INTRA-BEAM SCATTERING EFFECTS IN THE HALS
STORAGE RING
Wei Li, Zhenghe Bai, Tong Zhang, Derong Xu∗ , Wei-min Li
National Synchrotron Radiation Laboratory, USTC, Hefei, China
Abstract
The Hefei Advanced Light Source (HALS) is designed to
be a dedicated 4th generation diﬀraction limited light source.
In 2018, the baseline lattice of the HALS storage ring has
been proposed, with an ultra-low natural emittance of about
25 pm-rad. The intra-beam scattering eﬀects on the beam
emittance growth in the HALS storage ring have been studied
with this baseline lattice. Due to the limited synchrotron
radiation in this storage ring, damping wigglers are required
to reduce the damping time and reduce the emittance. In
this paper, we will present the simulation results of the IBS
eﬀects, estimate the eﬀectiveness of damping wiggler and
calibrate the corresponding linear optics perturbation due
to the insertion device, and ﬁnally, the estimated Touschek
lifetime will be shown.

INTRODUCTION
With the development of particle accelerator science and
technology, the committee of accelerator physicists is pursuing synchrotron light sources for higher brightness, better
coherence and stability. The door to the diﬀraction limited
storage ring (DLSR), the next generation light source, has
been opened since the commission and operation of MAXIV [1]. Many advanced light sources are under design or
constructions to achieve an ultra-low emittance of a few
hundred or a few tens of pm-rad, some light sources are
planning and proposing upgrade projects to further reduce
beam emittance [2–4].

be operated at the energy of 2400 MeV with an ultra-low
natural bare emittance of n =24.7 pm-rad [5]. To achieve
the ultra-low emittance, the strengths of dipoles employed
in this lattice are not too strong, which reduces both the
quantum excitation and the radiation damping. However,
the limited synchrotron radiation leads to a relatively large
damping time, thus the beam emittance is expected to be
sensitive to the beam intensity, i.e. the eﬀect of intra-beam
scattering (IBS) is expected to be signiﬁcant.
In this paper, we will show the preliminary simulation
result of emittance growth due to the IBS eﬀects in the
HALS-SR, a few methods are proposed to minimize this
eﬀect. Then we will discuss the eﬀect of damping wiggler
(DW) in reducing the beam emittance, as well as the related
correction of linear optics perturbation introduced by an
insertion device. The Touschek lifetime is also estimated.

THE IBS EFFECTS
Intra-beam scattering is the process that the particles in a
beam elastically scatter oﬀ each other, leading to the growth
of the beam size. In the electron accelerators, IBS is counteracted by radiation damping, resulting in an equilibrium
beam emittance with relaxation time, typically on the order of milliseconds. This equilibrium beam emittance is
calculated using the Bjorken and Mtingwa’s formula in the
ELEGANT [6].

Table 1: Main Parameters of HALS Storage Ring
Parameter
Energy E0
Circumferences C0
Natural Emittance (bare) n
Number of cells
Harmonic number h
Damping time τx /τy /τs
Synchrotron radiation U0
Revolution frequency f0
Natural bunch length σz

Value
2400 MeV
672 m
24.7 pm
30
1120
37.7/58.8/40.9 ms
182 keV
0.446 MHz
2.35 mm

Hefei Advance Light Source (HALS) is a project proposed
by the National Synchrotron Radiation Laboratory (NSRL),
University of Science and Technology of China (USTC),
which is designed to be a dedicated 4th generation DLSR.
As shown in Table 1, the HALS storage ring (SR) is to
∗

xuderong@ustc.edu.cn

MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

Figure 1: Emittance change with bunch charge. Full coupling is assumed, 80% of the buckets are equally ﬁlled.
As shown in Fig. 1, the equilibrium beam emittance
growth with bunch population is calculated with diﬀerent
bunch length, so that to compare the eﬀectiveness of harmonic cavity which lengthens the bunch. The bunch length
is assumed to be lengthened by a factor of 5 in the harmonic
cavity. In this simulation, full coupling is assumed in trans-
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SIMULATION OF MODEL INDEPENDENT ANALYSIS TO HEPS
STORAGE RING*
D.H. Ji†, Y. Jiao, H. Ma, J. Yue Key Laboratory of Particle Acceleration Physics and Technology,
IHEP, CAS, Beijing 100049, China

Abstract

Model Independent Analysis (MIA) is a beam analysis
method applied for Turn-by-Turn (TBT) Beam Position
Monitor (BPM) data. To develop the commissioning
method of the HEPS storage ring, we simulate application
of MIA on HEPS storage error model to measure and correct the optics parameters. Difficulties and limitations of
the MIA method are also discussed.

INTRODUCTION

The High Energy Photon Source (HEPS) is a 6-GeV, 1.3km, ultralow-emittance storage ring light source to be built
in Beijing, China. The storage ring baseline lattice, which
consists of 48 identical hybrid 7BAs, made the natural
emittance to be about 34 pm.rad [1].
In order to get extremely low emittance, very strong focus force is set per cell, which makes the closed orbit quite
sensitive to magnet misalignment error. Meanwhile, as a
result of strong focusing, high linear chromaticity need to
be corrected, in turn strong sextupole magnets are also required. And so that the large orbit in strong sextupole leads
to the serious optics and coupling errors, which cause the
beam performance, like emittance and DA, deteriorated. [2]
As the first step of commissioning, beam accumulated
will be difficult issue as expected. Trajectory correction
while the sextupole closed has been developed in recently
study, which could be able to get beam circulate hundreds
[3]. But strong optics distortion make beam have little prospect of storage. Beam life time will be so short that even
by hundreds of turns which not enough for conventional
optics correction such as response matrix measurement.
Meanwhile BPM data quality will be bad because of low
beam current and uncalibrated with beam.
Therefore, the commissioning process for HEPS need an
effective optics measurement and correction method which
could work in short time, low current and bad BPM data
quality.
Table 1: HEPS Preliminary Error Sheet for BPM
BPM data type
turn-by-turn
fast acquisition
slow acquisition

Accuracy
(μm)
1
0.3
0.1

Tilt
(mrad)
10
10
10

Gain
5%
5%
5%

Turn-By-Turn (TBT) BPM data coherent betatron oscillation contain valuable information of the linear optics of
the machine and requires only a few seconds to take data.
___________________________________________

* Work supported by NSFC (11505202)
† jidh@ihep.ac.cn;

TUPGW043
1504

Although the accuracy of TBT BPM is 1 micron in the
hardware design requirements, the beam intensity is very
low due to the difficulty of beam accumulation in the initial
commissioning stage, and the accuracy is far below the design requirements. It is estimated that the accuracy is about
several hundred microns. In present design, HEPS storage
ring is placed 574 digital broadband BPMs which make
global optics measurement from TBT data available. The
MIA method [4] is widely used for TBT data analysis for
linear optics and coupling measurement and correction.
The rest of the paper will present the simulation of MIA
application based on HEPS storage ring. Firstly, we present
the condition of simulation data set. Afterwards, the measurement result about betatron parameter from MIA simulation is introduced. And we also make the effort to correction the optics error and give an introduction. Discussions
will be given at the end.

SIMULATED OPTICS MEASUREMENT
Description of the Method and Simulation Set
To obtain optics parameters from TBT BPM, the beam
must be stimulated first. In practice, injection kicker, feedback system and fast dipole magnet can be used as incentive means. In the simulation, the beam is stimulated in a
way similar to that of injecting kicker, and a single excitation of 0.04 mrad is applied to the horizontal and vertical
directions, resulting in betatron oscillations up to 0.5 mm
(Peak-Peak) in the horizontal and vertical directions, respectively.
MIA uses PCA to process TBT BPM data matrix B:
(1)
B = US𝑉𝑉 𝑇𝑇 = ∑ 𝜎𝜎𝑖𝑖 𝜇𝜇𝑖𝑖 𝜐𝜐𝑖𝑖𝑇𝑇 ,
Where 𝑈𝑈𝑃𝑃×𝑃𝑃 = [𝜇𝜇1 , ⋯ , 𝜇𝜇𝑃𝑃 ] and 𝑉𝑉𝑀𝑀×𝑀𝑀 = [𝜐𝜐1 , ⋯ , 𝜐𝜐𝑀𝑀 ] are
orthogonal matrices containing the temporal vectors 𝜇𝜇𝑖𝑖 and
spatial vectors 𝜐𝜐𝑖𝑖 . S is a diagonal matrix with non-negative
𝜎𝜎 = √λ along the diagonal in decreasing order. Generally
speaking, betatron mode has the greatest impact on beam
oscillation. After PCA decomposition, the amplitude and
phase shifts of betatron oscillation can be obtained by analysing the space vectors of the two main modes.
1
υ+ =
��〈J〉β𝑚𝑚 cos(ϕ0 + ψm ) , 𝑚𝑚 = 1, ⋯ , 𝑀𝑀�,
�λ+
�
(2)
1
��〈J〉β𝑚𝑚 sin(ϕ0 + ψm ) , 𝑚𝑚 = 1, ⋯ , 𝑀𝑀�,
υ− =
�λ−

From the spatial vector we can get betatron the amplitude β and phaseψ:
(3)
β = 〈𝐽𝐽〉−1 (λ+ 𝜐𝜐+2 + λ− 𝜐𝜐−2 ),
−1 𝜎𝜎− υ−
ψ = tan �
�
(4)
𝜎𝜎+ υ+

In addition to the FFT analysis of betatron mode, the
phase calculation of each BPM TBT data can be used to get
the working point.
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LATTICE DESIGN FOR THE REVERSIBLE SSMB*
Changliang Li, Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai,
China and Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai, China
and University of the Chinese Academy of Sciences, Beijing, China
Chao Feng, Bocheng Jiang, Shanghai Advanced Research Institute, Chinese Academy of Sciences,
Shanghai, China
Alex Chao, Tsinghua University, Beijing, China and SLAC, Menlo Park, USA
Abstract
Steady State Microbunching (SSMB) aiming at producing high average power radiation in the electron storage
ring has been proposed by Ratner and Chao years ago. Reversible seeding scheme is one of the promising scenarios
with less challenges on the storage ring lattice design. The
key problem for reversible SSMB is the precise cancelation
of the laser modulation which will allow producing turnby-turn coherent radiation without spoiling the transverse
emittances and energy spread. In this paper the lattice design for the microbunching generation and its cancelation
will be presented. Also a whole ring multi-turn tracking
based on transfer matrix will be shown.

INTRODUCTION
Electron storage ring based light source has achieved remarkable progresses which can produce extremely brilliant
synchrotron radiation from infrared to hard X-ray [1, 2,3].
It gets high repetition rate but comparatively low peak brilliance or coherence comparing to linac based free electron
laser (FEL). FEL provides high peak power coherent radiation while at low repetition rate which limits its average
power [4].
To approach high average power radiation, steady-statemicro-bunch (SSMB) had been proposed since 2010 [5].
SSMB is based on an electron storage ring which is much
more mature comparing to the energy recovery linac
(ERL), the latter one is also a candidate for high average
power radiation provider yet under developing [6]. When
SSMB length closes to the radiation wavelength, coherent
radiation will be produced and radiation power will be orders of magnitude higher, together with high repetition
rate, high average power radiation will be produced which
has some important industry applications such as EUV lithography.
There are several scenarios to produce SSMB [7]. This
paper is focused on the reversible SSMB scheme for which
micro-bunch is only produced within the radiator after the
modulation and then restored to the normal state by a reverse modulation. The key point of reversible seeding
module is that cancellation of two modulators should be
perfectly realized which will allow producing turn-by-turn
coherent radiation without spoiling the transverse emittances and energy spread. Linear and nonlinear parts of the
beam dynamics between two modulators is studied bellow.
Also a whole ring multi-turn tracking results are shown.

ANGULAR DISPERSION ENHANCED MICROBUNCHING
For reversible SSMB, perfect cancellation of two modulators is important to realize turn-by-turn coherent radiation. Laser induced energy modulation should as weak as
possible to confine the modulation to the linear region. The
angular dispersion enhanced microbunching [8] is a suitable method to produce high harmonic by a very weak modulate if an electron beam gets very small vertical emittance
which is naturally preserved in an electron storage ring.
The layout of this scheme is similar to a conventional CHG
scheme, as shown in Fig. 1. However, a magnetic dipole
(B) is added upstream of the modulator, and the magnetic
chicane in the conventional CHG is replaced by a dogleg
that consists of two dipole magnets of opposite polarity as
the dispersion section (D). The first dipole is used to introduce an angular dispersion into the electron beam. Then
seed laser pulse at optical wavelength is employed to interact with the electron beam in the modulator to introduce a
small energy modulation. After that, the energy modulation
is converted into density modulation by the dogleg. The
dispersive properties of the first dipole and the dogleg allow, if the parameters are chosen properly, the full compensation of the initial beam energy spread to produce very
sharp micro-bunches at the EUV wavelength. This kind of
electron beam would help to initiate intense coherent radiation at EUV wavelength in the following radiator. The
proposed scheme can be inserted in a long drift section of
the ring. The transverse dispersion generated by the dogleg
can be fully compensated by another reversed dogleg (D*)
after the radiator. By using a reversed modulator section, it
is possible to fully recover the properties of the electron
beam as shown in Fig. 1. This technique can make full use
of the low emittance of the electron beams from storage
ring while effectively mitigating the detrimental effect
from the large energy spread in the meantime.

Figure 1: Layout of the reversible SSMB.
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PROGRESS OF LATTICE DESIGN AND PHYSICS STUDIES ON THE
HIGH ENERGY PHOTON SOURCE*

Y. Jiao†, X.H. Cui, Z. Duan, Y.Y. Guo, P. He, X.Y. Huang, D.H. Ji, H.F. Ji, C. Li, J.Y. Li, X.Y. Li, C.
Meng, Y.M. Peng, Q. Qin, S.K. Tian, J.Q. Wang, N. Wang, Y.Y. Wei, G. Xu, H.S. Xu, F. Yan,
C.H. Yu, Y.L. Zhao, Key Laboratory of Particle Acceleration Physics and Technology,
IHEP, CAS, Bei-jing, China

Abstract
The High Energy Photon Source (HEPS) is an ultralow-emittance, kilometer-scale storage ring light
source to be built in China. In this paper we will introduce
the progress of the physics design and related studies of
HEPS over the past year, covering issues in storage ring
lattice design, injection and injector design, insertion
device effects, error study and lattice calibration, collective effects, etc.

INTRODUCTION

The High Energy Photon Source (HEPS) is a 6-GeV,
1.3-km, ultralow-emittance storage ring light source to be
built in Beijing, China.
The HEPS Test Facility (HEPS-TF [1]), as the R&D
project for HEPS, was started in 2016 and completed in
2018. A series of key technologies for the accelerator and
the beamlines required for constructing a diffractionlimited storage ring light source have been demonstrated,
including high-gradient (80 T/m) quadrupoles, nanosecond-level pulsed kicker, small-aperture NEG-coated vacuum system, high energy and high resolution monochromator, time-resolved X-ray techniques, pixel array
detectors, etc.
As one of the most important tasks of the HEPS-TF, a
baseline lattice, with a natural emittance of 34.2 pm, was
proposed for the HEPS storage ring. Based on this lattice,
studies were carried out to ensure that there was no showstopper from beam dynamics point of view. At the end of
2018, the preliminary design report of the HEPS was
finished.
Currently, the HEPS team focuses mainly on the engineering design. The first version of parameter list and the
tolerance budget for the hardware systems have been
released. To address the challenges and problems emerging in the technical design, necessary iterative design
modifications among beam physics group and engineering groups are underway.

LATTICE DESIGN & PHYSICS STUIDES

Storage Ring Lattice Design
The lattice design of the HEPS storage ring was started
from around ten years ago [2]. The very first lattice was
in a DBA structure, with 48 DBAs and a beam emittance
of 1500 pm [3]. Thereafter different lattice structures
___________________________________________
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were explored, such as standard 7BA [4], TBA [5], standard 7BA with high-gradient quadrupoles [6], hybrid 7BA
with high-gradient quadrupoles [7-10], and modified
hybrid 7BA including super-bends and anti-bends [1113].
The baseline lattice of the storage ring was fixed at
around March 2018 (referred to as V2.0 lattice), which
consists of 48 modified hybrid 7BAs, and results in a
natural emittance of 34.2 pm [13]. Different from a standard hybrid 7BA lattice, two families of anti-bends are
used to achieve as low emittance as possible. A dipole
combined with longitudinal gradient instead of transverse
gradient is adopted in the middle of each 7BA, with its
central slice as the source of bending magnet beam line.
In addition, alternating high- and low-beta straight sections are implemented into the optics design, in order to
maximize the brightness in half of the 6-m straight sections, by reducing both horizontal and vertical beta functions at the center of straight sections down to about 2 m.

Figure 1: Optical functions and layout of one 7BA of the
HEPS storage lattice, V2.0 (upper) and V2.4 below.
During the engineering design, a few modifications to
the lattice were made. The upper limit of all quadrupole
gradients were set to about 80 T/m, the magnetic fields of
the middle three dipoles in each 7BA were reduced, and
the distance between adjacent magnets were enlarged to
resever enough space for hardware components. The
emittance remains almost the same, while the dynamic
aperture becomes slightly smaller. The new lattice is referred to as V2.4 lattice. The optics and layout of one
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SIMULATION OF INJECTION EFFICIENCY FOR THE HIGH ENERGY
PHOTON SOURCE∗
Z. Duan† , J. H. Chen, Y. Y. Guo, D. H. Ji, Y. Jiao, C. Meng, Y. M. Peng, G. Xu
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Abstract
A "high-energy accumulation" scheme [1] was proposed
to deliver the full charge bunches for the swap-out injection
of the High Energy Photon Source. In this scheme, the
depleted storage ring bunches are recovered via merging with
small charge bunches in the booster, before being refilled into
the storage ring. In particular, the high charge bunches are
transferred twice between the storage ring and the booster,
and thus it is essential to maintain a near perfect transmission
efficiency in the whole process. In this paper, major error
effects affecting the transmission efficiency are analyzed
and their tolerances are summarized, injection simulations
indicate a satisfactory transmission efficiency is achievable
for the present baseline lattice.

INTRODUCTION

The baseline lattice (referred to as V2.0 lattice) of the High
Energy Photon Source (HEPS) [2] is comprised with 48 hybrid 7BA cells with alternating high-β and low-β straight
sections, and achieves a natural emittance of 34 pm at 6 GeV
within a circumference of 1360.4 m. To cope with the small
dynamic aperture, the swap-out injection [3] is adopted as
the baseline injection scheme. To address the challenges in
delivery of the full charge bunches, in particular to prepare
the 14.4 nC high charge bunches as required by timing experiments, we proposed a scheme to utilize the booster as a
full energy accumulator ring, to recycle and replenish the
used bunch in the storage ring [1]. In this injection scheme,
the bunch with a high charge is transferred twice, it is essential to maintain a high transmission efficiency in the whole
injection cycle. In fact, beam loss primarily manifests as
imperfect efficiency during injection into the storage ring
and the booster due to various error effects, and could deteriorate as a result of transient beam instability for high-charge
bunches. Error effects are analyzed and simulated in this
paper, while study of the transient beam instability is reported in a separate paper [4]. These studies were based
on the V2.0 lattice of HEPS, similar injection simulations
are underway for the new V2.4α lattice [5] with a smaller
dynamic aperture.

ERROR SOURCES

Different errors in the beam transportation could be categorized into two domains: dynamic errors and static errors.
Dynamic errors are fast random variation that lead to pulse∗
†
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to-pulse jitter in the injection efficiency, the major contribution is the power supply ripple and glitches of injection and
extraction kickers, as well as magnets in the transport lines;
the static errors are slow varying errors that could lead to
gradual deterioration of injection efficiency, long term drifts
of magnet power supply are the major contribution, there are
also some residual errors not fully compensated after each
injection efficiency optimization.
The effects of different error sources on the injection efficiency, could be approximated by the transverse displacement of the beam centroid relative to the closed orbit at the
injection point (∆x, ∆x ′, ∆y, ∆y ′), the effective increase in
beam emittance (∆ϵx , ∆ϵy ), as well as the offset in the beam
centroid arrival time and energy (∆t, ∆δ). Contributions to
these effects will be described separately.

Transverse Displacements
The dipole magnetic field errors in the beam transportation process lead to transverse displacements of injected
beam centroid, and could be represented by the initial betatron oscillation
amplitude of the injected beam centroid
p
∆u0 = βu,0 ∆A, where ∆A = γu ∆u2 + 2αu ∆u∆u ′ + βu ∆u2
represented the effective Courant-Snyder invariant, u is x or
y, βu,0 is the β function at the injection point, and (αu βu, γu )
are the twiss parameters at the error source. Besides, the relative energy offset δ between the beam central energy and the
energy setting in the transport line magnets, also contribute
to a dispersive transverse displacement, ∆u0 = ∆Du,0 δ,
where ∆Du,0 is the residual dispersion function at the injection point.
Vertical injection and extraction are adopted for both the
storage ring and the booster. In the storage ring, the extraction system layout is a mirror of the injection system, with the
same hardware specifications. The injection and extraction
systems are located in the high-β and low-β straight sections,
respectively1 . In the booster, to enable beam accumulation at
the flat top energy, off-axis injection and extraction are implemented, two kickers with a π-phase advance are adopted for
the injection, while a single kicker with four pulsed bumper
magnets are adopted for the extraction [6].
The major contributions to the horizontal displacement of
the injected beam are the power supple errors of injection and
extraction Lambertson magnets as well as bending magnets
in the transport line. The bending magnets in the transport
line are powered in series, and their power supply share the
1

This has recently been reversed since it is favored to place a prekicker
at the high-β straight section, and injection in the low-β straight section
allows a fatter injected beam to relax the dynamic aperture requirement
in the horizontal plane.
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GENERATION OF TWO TERAHERTZ RADIATION PULSES WITH
CONTINUOUSLY TUNABLE FREQUENCY AND TIME DELAY∗
Wenxing Wang, Haoran Zhang, Shimin Jiang, Zhigang He†
National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei, China

Abstract
We propose to generate two narrow band terahertz pulses
radiated from two temporally modulated relativistic electron beams, which are generated in a photo-injector. The
temporal profile of the drive laser is modulated by means of
the paired chirped pulses beating technique, leading to the
generation of two pre-bunched electron beams. Coherent
transient radiation (CTR) is considered as the mechanism for
terahertz radiation generation. The frequencies of the two
terahertz pulses can be independently tuned by adjusting the
paired beating frequencies, and the interval between the two
terahertz pulses can be adjusted by the optical delay line.

INTRODUCTION

Terahertz (0.1–1.0 THz) electromagnetic wave has important application value in material science, biomedicine,
imaging and other aspects due to its unique penetrating ability, spectral resolution and low photon energy. As for terahertz time-domain spectroscopy (THz-TDS), the THz binary
lens tomography is used to image the objects at various positions along the beam propagation path onto the same image
plane[1, 2]. Thus, the novel terahertz light source with high
intensity and good frequency tunability has become very
attractive work.
The terahertz light source based on accelerator is attractive for its advantage of high peak power. A compact terahertz source based on linac can be realized through the
super-radiation of pre-bunched electron beams. The energy
emitted from pre-hunched electron can be expressed by [3]
W(ω) = W0 (ω) [Ne + Ne (Ne − 1) f (ω)]

(1)

where W0 (ω) is the energy emitted from single electron,
Ne is the number of electrons, ω is the frequency of the
emitted radiation, and f (ω) is the bunch form factor, which is
defined as the Fourier transform of the electron longitudinal
distribution
f (ω) =

1
Ne (Ne − 1)

Ne
Õ

eiω(z j −zk )/c

(2)

j,k=1(j,k)

where z j is the longitudinal position of the jth electron relative to the reference electron in a bunch. The shorter the
electron beam length is and the more uniform the longitudinal interval is, the higher the bunch form factor will be.
∗
†
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As can be seen from the Equation (1), the bunch form factor f (ω) defines the radiation spectrum. Therefore, when
the longitudinal structure of the electron micro-bunches has
the characteristic of terahertz repeat frequency, the coherent
transition radiation emitted will feature on the corresponding
frequency, thus leading to high-intensity terahertz radiation
source.
The generation of pre-bunched electron beams with picosecond or sub-picosecond micro structure has been widely
studied. Using a laser pulse train with terahertz repetition
frequency, which can be realized by laser polarization beam
splitting and stacking [4], spectral shaping and chirped pulse
frequency beating [5], to excite a photocathode electron gun
is proved feasible for producing a pre-bunched electron beam
with a clustered frequency in the terahertz range.
In this paper, a temporary pulse-shaping scheme featured
on the paired chirped pulses beating technique is proposed
to obtain two trains of cathode-driven lase pulses beating
at terahertz frequencies, leading to the generation of two
electron beams with the similar temporal structure, and a
compact two-pulse terahertz source based on linear accelerator is proposed. The schematic diagram of the device
is shown in Figure 1. Coherent transition radiation (CTR)
is considered as the mechanism for terahertz radiation generation. The frequencies of the CTR can be tuned within
terahertz band corresponding to the lase beating frequencies,
and the time interval between the two radiation pulse can be
adjusted within several pico-seconds.

SIMULATION AND RESULT
We use the chirped pulse beating method to produce the
ultrashort laser pulse trains. Figure 1 shows the optical
path of chirped pulses beating at double frequencies. The
incident femto-second laser pulse is extended in the time
domain through the parallel diffraction gratings, and the
broadened laser pulse is divided into two sub-pulses after
passing through a beam splitter with a light intensity ratio of
50:50. The double sets of Michelson interferometers induce
the superposition of each chirped pulse with respective timeshift replica, leading to the output pulses [6]:

2
I1,2 (t) = E t + τ1,2 /2 + E t − τ1,2 /2
= I + (t) + I − (t)
p

+ 2 I + (t) I − (t) ∗ cos 4µτ1,2 t + ω0 τ1,2

(3)

where τ1,2 are the separate time-shift with the subscript
representing the double beating parts, 1/2µ is the negative
group velocity dispersion introduced by grating pair, and
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STUDY OF THE RAMPING PROCESS FOR HEPS BOOSTER*
Y.M. Peng†, J.Y. Li, C. Meng, H.S. Xu, Key Laboratory of Particle Acceleration Physics and Technology, IHEP, CAS, Beijing, China
Abstract
The High Energy Photon Source (HEPS) is a 6-GeV, ultralow-emittance storage ring light source to be built in
Huairou District, Beijing, China. The beam energy ramps
from 500 MeV to 6 GeV in 400 ms, during which the RF
voltage increases accordingly to keep the momentum acceptance large enough. The booster is designed to operate
at 1 Hz repetition frequency. In this paper the energy ramping curve, RF choice, beam parameters changing curves
and eddy current effect in HEPS booster will be presented.

INTRODUCTION
HEPS is a kilometre-scale, ultralow-emittance high energy storage ring light source to be built in Huairou District, Beijing, China.
The facility is comprised of a 6-GeV storage ring and a
full energy injector. The lattice of HEPS storage ring is
based on hybrid multi-bend achromatic (H-MBA) structure,
adopting longitudinal gradient dipolesˈanti-bend dipoles
and combined magnets. The natural emittance is pushed
down to about 34-pm.rad [1-3].
The dynamic aperture of the storage ring is only a few
millimetres, leading to difficulties to accumulate charges if
the traditional off-axis injection scheme is adopted. Thus,
currently, the on-axis swap-out injection scheme [4] is chosen as the baseline. However, the swap-out injection
scheme requires full-charge bunches from the injector, implying over 15 nC per bunch sometimes, which is a great
challenge for the injector.
The ‘high-energy accumulation’ scheme [5] is therefore
proposed to relax the requirements of single-bunch charge
to the electron gun, linac, and the booster at the low energy.
This scheme work with the bunches are extracted from the
storage ring at an interval of about 20 ms, while a merged
bunch stays in the booster for about 15 ms before being
extracted and reinjected into the storage ring, as illustrated
in Fig. 1.

of ramping curve therefore needs to take this requirement
into consideration. Considering the engineering difficulties
of the kickers, we current design the booster to have the
10-bunch operation capability. Since the repetition rate of
all injection and extraction kickers is chosen as 50 Hz, the
flat bottom and flat top of the ramping curve needs to be
about 200 ms. The HEPS booster designed operated with
1Hz and the time of ramping 500-MeV up to 6 GeV is 400ms.

LATTICE AND RAMPING CURVE
Lattice and Beam Parameters
The HEPS booster adopts a four-fold symmetric FODO
lattice with single-function magnets. Each fold consists of
14 standard FODO cells and 2 matching cells.
The circumference of booster is changed to about
454.066 m which is designed for fit the timing requirements by the injection of the HEPS storage ring. There are
4 long dispersion-free straight sections for RF cavities, injection and extraction systems. The optical functions and
lattice structure of quarter of the booster is shown in
Fig. 2, and the main parameters used in this paper is listed
in Ta-ble1.

Figure 2: The optical functions and lattice structure of one
quarter of the booster.
Table1˖Main Parameters of HEPS Booster

Figure 1: The time structure of bunches in two high energy
transport lines.
In the preliminary design, we proposed to keep the capability of multi-bunch operation in the booster. The design
———————————————————————————————————————————————————————————

* Work supported by National Natural Science Foundation of China (No.
11805217, 11705214)
† pengym@ihep.ac.cn
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Parameter
Injection energy
Extraction energy
Circumference
Repetition rate
Emit. @0.5 GeV
Emit. @ 6 GeV
Tune(H/V)
Energy spread @ 6 GeV
Natural chromaticity(H/V)
Momentum compaction factor
Energy loss per turn @ 6 GeV
Damping time @ 6 GeV

Value
0.5 GeV
6 GeV
454.066 m
1 Hz
41 nm.rad
35 nm.rad
17.21/11.15
9.6h10-4
-18.5/-14.9
3.8h10-3
4.02 MeV
4.5/4.5/2.3 ms
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SIMULATIONS OF THE INJECTION TRANSIENT INSTABILITIES FOR
THE HIGH ENERGY PHOTON SOURCE∗
Z. Duan† , N. Wang and H. S. Xu
Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China

Abstract

To enable a lattice design with an ultra-low emittance, the
swap-out injection [1] has been adopted as the baseline injection scheme for the High Energy Photon Source (HEPS).
As requested by the timing experiment users, a special filling
pattern of 63 bunches with a high bunch charge of 14.4 nC
poses as the major physics challenge of the swap-out injection. In particular, as shown in Ref. [2], a transient beam
instability leads to some beam loss during the injection. In
this paper, we present similar simulation studies for HEPS,
and discuss possible measures to address this issue.

INTRODUCTION

The High Energy Photon Source (HEPS) [3] is a 6 GeV,
1360.4 m, ultra-low emittance storage ring-based light
source, to be build in Huairou District, the suburb of Beijing,
China. Based on 48 hybrid 7BA lattice cells, it delivers a natural emittance of 34 pm and hard X-rays with an ultra-high
brightness. The small dynamic aperture is insufficient for
conventional off-axis injection schemes, and the swap-out
injection is adopted as the baseline injection scheme. To address the challenges in delivery of the full charge bunches in
the injector, in particular to prepare the 14.4 nC high bunch
charges as required by the timing experiments, we proposed
a scheme to utilize the booster as a full energy accumulator ring [4], to recycle and replenish the used bunch in the
storage ring. Injection simulations [5] indicate a promising
transmission efficiency in the whole injection process, neglecting the effects of impedance. Nevertheless, injection of
a 14.4 nC bunch into the small-acceptance storage ring still
poses a threat, as the impedance effects could drive transient
beam instabilities and lead to some beam loss, this would in
turn raise the bunch charge requirement in the injector, and
complicate the collimator design if the injection efficiency
is not high enough.
The transient injection instability was simulated for HEPS,
the dependence of beam loss on various factors have been
studied, and some preliminary discussion on possible measures will also be presented.

SIMULATION SETUP

To study the transient instability during injection, simulations using Pelegant [6, 7] were launched. An updated
version of the vertical and longitudinal impedance model [8]
of the HEPS were used in the simulation, each represented
∗
†
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Figure 1: Simulation using a one-turn linear map.

Figure 2: Simulation using an element-by-element tracking.
as an individual lumped element, the behavior in the transverse plane will be studied once the horizontal impedance
model is well developed but the instability in the vertical
plane is generally regarded as more severe. The injected
beam parameters and equilibrium beam parameters in the
storage ring are summarized in Table 1. Note that a combination of a 166.6 MHz superconducting RF system [9]
and a 499.8 MHz third harmonic superconducting RF system is used in the storage ring, to lengthen the beam and
alleviate the short beam lifetime and intra-beam scatteringinduced beam emittance growth, meanwhile, the choice of
a lower frequency of the fundamental RF system reserves
the possibility to test longitudinal injection scheme [10–12]
in the future. In contrast, PETRA 5-cell cavities were cho-
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DESIGN OF A HYBRID SEVEN-BEND-ACHROMAT LATTICE
FOR A HIGH-ENERGY DIFFRACTION-LIMITED STORAGE RING
USING A NEW OPTIMIZATION METHOD
Penghui Yang, Zhenghe Bai∗ , Jianhao Xu, Jiajie Tan, Lin Wang†
National Synchrotron Radiation Laboratory, Hefei 230029, China

Abstract
Recently, we proposed a new optimization method, with
nonlinear dynamics indicators considered in the linear optics
design, for designing hybrid multi-bend-achromat (MBA)
lattices. With this method, two hybrid MBA lattices for
medium-low-energy diﬀraction limited storage rings (DLSRs) have been designed, showing remarkable eﬀectiveness
in improving nonlinear dynamic performance. In this paper, we will apply this optimization method to the design
of a hybrid 7BA lattice for a 6 GeV DLSR with the same
circumference as that of HEPS. In the design, the strengths
and arrangement of magnets of this lattice also meet the engineering requirement for HEPS. The designed lattice has a
natural emittance of 34 pm·rad. The nonlinear dynamic performance is satisfactory, with a dynamic aperture of about
6 mm and 3 mm in the horizontal and vertical directions,
respectively, and a dynamic momentum aperture of larger
than 5%, which also shows the power of our optimization
method.

INTRODUCTION

The diversity of linear optics solutions is of signiﬁcant
importance to the nonlinear dynamics performance for the
hybrid multi-bend-achromat (MBA) type lattices [1, 2]. To
further explore the nonlinear dynamics performance of this
kind of lattice, recently, we proposed a new optimization
method for designing hybrid MBA lattices, where two nonlinear dynamics indicators were taken into consideration
during the linear optics design. One is the natural chromaticity, an approximate symbol of the severity of nonlinear
dynamics. The other is the sextupole strength, which is
generally expected to be weaker. By employing these two indicators as objective functions in designing the linear optics
using evolutionary algorithms, the solutions selected from
the balance of natural chromaticity and sextupole strength
generally have favorable nonlinear dynamics.
With this optimization method, we have designed a hybrid
7BA lattice and a hybrid 10BA lattice for 2.4 GeV diﬀractionlimited storage rings (DLSRs) with circumferences of 576 m
and 324 m, respectively. The former [1] has an ultra-low
natural emittance of about 60 pm·rad, with a large dynamic
aperture (DA) of about 15 mm and a dynamic momentum
aperture (MA) of 4.3%. The latter also has a rather good
nonlinear dynamics performance with an emittance lower
than 130 pm·rad. In this paper, we will apply this optimiza∗
†
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tion method to design a hybrid 7BA lattice with a natural
emittance of tens of picometers for a high-energy DLSR,
which has the same energy and circumference as those of
HEPS [3]. The strengths and arrangement of magnets of
this lattice will also satisfy the requirement of HEPS. Note
that the HEPS consists of 24 super-periods, while the DLSR
designed in this paper has 48 identical cells.

LATTICE DESIGN
The optimization method will be ﬁrst described, and then
applied to the design of a hybrid 7BA lattice for a highenergy DLSR.

The Optimization Method with Nonlinear
Dynamics Indicators Considered
In the optimization method, besides the natural emittance
nat or brightness, two nonlinear dynamics indicators are
also choosen as objective functions. The ﬁrst one is the sum
of the absolute
values of natural chromaticities, |ξsum | =

|ξx | + ξy , and the second one is the sum of the integral
strengths of three families of sextupoles, |Isum | = |ISD1 | +
|ISF | + |ISD2 |. To calculate |Isum |, the focusing sextupole SF
is ﬁrst treated as a sum of SFa and SFb. Then three families
of sextupoles are divided into two pairs, (SD1, SFa) and
(SD2, SFb), to contribute 2/3 and 1/3 of the chromaticity
correction, respectively. A larger contribution from (SD1,
SFa) provides a better nonlinear dynamics performance.
With the same circumference (1360.4 m), length of long
straight sections (6.086 m) and engineering requirements,
including adequate spaces between magnets and feasible
magnet strengths, as those of HEPS, we will design a hybrid
7BA lattice for a 6 GeV DLSR. In the linear optics design,
various magnet parameters were included as decision variables for better optimization. Reasonable solutions require
two constraints:
• transverse tunes: (114.2, 43.2) ± 0.25, and
• horizontal and vertical phase advances between the pair
of dispersion bumps (Δμx , Δμy )/2π: (1.5, 0.5) ± 0.02.
In the preliminary design for this lattice, we employed only
one nonlinear dynamics indicators, |Isum |, as an objective
function for a faster and better convergence, since |Isum | is
quite a good nonlinear dynamics indicator as demonstrated
in Ref. [1]. We found that the natural chromaticities had
roughly positive relevance with the beta functions in the
dispersion bumps (βbump ), so we set the third constraints:
βbump < 25 m.
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COMPARISON OF OPTIMIZATION METHODS FOR HYBRID
SEVEN-BEND-ACHROMAT LATTICE DESIGN
Penghui Yang, Zhenghe Bai∗ , Jianhao Xu, Jiajie Tan, Lin Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China

Abstract

Generally, for a hybrid multi-bend-achromat (MBA) lattice with fixed linear optics, there is little potential to further
optimize the nonlinear dynamics due to limited free knobs.
To obtain a hybrid MBA lattice with better nonlinear dynamics performance, it is better to consider some indicators of
nonlinear dynamics as objective functions in designing the
linear optics using an optimization algorithm. In this paper,
integral strengths of sextupoles and natural chromaticities
are used as the nonlinear dynamics indicators, and different
optimization methods with both or either of the two indicators are carried out and compared. As an example, a hybrid
7BA lattice with an energy of 2.4 GeV is designed towards
an emittance of less than 70 pm·rad.

†

We will apply MOGA to the linear lattice design of a
hybrid 7BA lattice, and carry out optimizations with different objective functions. In the objective functions of
the optimizations, both or either of two nonlinear dynamics indicators, natural chromaticities and integral strengths
of sextupoles, will be considered. The decision variables
in the optimizations include strengths of quadrupoles and
combined-function bends, lengths of drifts and bends, bending angles of bends and dipole field gradients of longditudial
gradient bends. To study and compare the optimizations, a
2.4 GeV DLSR, consisting of 24 identical hybrid-7BA lattice
cells, will be designed with a circumference of 576 m.

INTRODUCTION

In the hybrid multi-bend-achromat (MBA) lattice [1],
there are three families of sextupoles located in the pair of
dispersion bumps. Since two families are reserved to correct
chromaticities to desired values, there is only one free knob
left. Thus, for a hybrid MBA lattice with fixed linear optics,
the potential for further nonlinear dynamics optimization
is limited, though the sextupoles can be grouped into more
families within some lattice cells. To obtain a hybrid MBA
lattice with better nonlinear dynamics performance, we can
explore the diversity of linear optics solutions and take some
factors related to nonlinear dynamics into consideration during the linear optics design. So in designing the linear optics
using multi-objective genetic algorithm (MOGA) or multiobjective particle swarm optimization (MOPSO), nonlinear
dynamics indicators can be included as objective functions
so as to benefit the following nonlinear optimization.
Natural chromaticity can be taken as a nonlinear dynamics
indicator, since a very large natural chromaticity usually
means serious nonlinear dynamics. For example, in a lattice
design for ALS-U, the sum of natural chromaticities was
used as an objective function [2]. Sextupole strength can
also be taken as a nonlinear dynamics indicator, and a weaker
value is usually preferred. For the hybrid MBA lattice, the
sum of the integral strengths of three families of sextupoles
can be considered as an objective function in the linear optics
design. This paper will study the effectiveness of these two
indicators in designing a hybrid 7BA lattice, and compare
different optimizations including both or either of the two
indicators. The designed lattice has the same energy as
that of HALS [3, 4], a new diffraction-limited storage ring
(DLSR) light source proposed by NSRL.
∗
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Method 1: Both Natural Chromaticities and Integral Strengths of Sextupoles Considered
In the first optimization method for the hybrid 7BA lattice
design, both natural chromaticities and integral strengths of
sextupoles are considered as nonlinear dynamics indicators.
There are three objective functions to be optimized:
• the natural emittance ǫnat ,
• the sum of the absolute values of natural chromaticities,
|ξsum | = |ξx | + ξy ,
• the sum of the integral strengths of three families of
sextupoles, |Isum | = |ISD1 | + |ISF | + |ISD2 |.
Since there are three families of chromatic sextupoles in
the lattice, |Isum | can not be directly calculated. Inspired
by the chromatic sextupole pair optimization method [5],
the chromaticity correction can be divided into two parts,
contributed by two pairs of sextupoles, (SF, SD1) and (SF,
SD2). If the two contributions are determined, then |Isum |
can be calculated. We assume that 2/3 of the chromaticity
correction is contributed by (SF, SD1) and 1/3 by (SF, SD2),
because we found that a larger contribution from (SF, SD1)
was better for nonlinear dynamics performance. To obtain
desired solutions, two constraints are set: (1) the horizontal
and vertical phase advances between the pair of dispersion
bumps are roughly equal to (3π, π); (2) the integer parts of
transverse tunes are set to (57, 20).
A MOGA with a population of 10,000 was run for 500
generations, and the objective function values of solutions of
the last generation were obtained, as shown in Fig. 1. Tens
of solutions with different objective function values were
taken from these solutions obtained, and then their dynamic
apertures (DAs) and dynamic momentum apertures (MAs)
were optimized. After that, several better solutions were
selected. We found that solutions with very small |Isum | or
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COMPARISON OF CONSTRAINED OPTIMIZATION METHODS FOR
DESIGNING A MULTI-BEND ACHROMAT LATTICE
Jianhao Xu, Zhenghe Bai∗ , Penghui Yang, Weimin Li†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China
Abstract
In the design of a multi-bend achromat (MBA) lattice for
a diﬀraction-limited storage ring, there are usually many
magnet parameters to be optimized and some stringent constraints to be satisﬁed. For example, to cancel out nonlinear
dynamics eﬀects, the phase advances between some sections
are generally required to be set to certain values in the lattice design. For better designing a MBA lattice using an
evolutionary algorithm, the handling of constraints will be
important, because it is very hard to satisfy the constraints
for most or even all of solutions in the early generations of the
algorithm. This paper will ﬁrst describe some methods for
handling constraints, which are then applied to designing a
hybrid 7BA lattice. The comparison of these methods shows
that better lattice solutions can be obtained by including
constraints into objective functions.

This is a preprint — the final version is published with IOP

INTRODUCTION
Since the electron beam emittance of a storage ring light
source scales inversely with the third power of the number
of bends, multi-bend achromat (MBA) lattices have been
adopted in designing diﬀraction-limited storage rings (DLSRs). Compared to the double-bend achromat (DBA) lattice
used in most of the third-generation synchrotron sources, the
MBA lattice is more complicated with many magnets employed. A lattice with an ultra-low emittance will generally
face very serious nonlinear dynamics eﬀects, and thus nonlinear cancellation schemes are usually required, where the
phase advances between some sections are limited to certain
values. So in the MBA lattice design of a DLSR, there are
usually many parameters of magnets to be optimized and
some stringent constraints to be satisﬁed.
Generally, the lattice design of a storage ring is a constrained multi-objective optimization problem (CMOP),
which can be solved using evolutionary algorithms such
as genetic algorithm [1] and particle swarm optimization
(PSO) [2, 3]. In the design of a DBA lattice with an evolutionary algorithm, it is often in the ﬁrst few generations that
most of solutions satisfy the constraints. While for a MBA
lattice, only some or even none of solutions can satisfy the
constraints in the early generations, due to many decision
variables and some stringent constraints. In the latter case,
the handling of constraints in the algorithm will play an
important role in searching for optimal solutions.
In this paper, four methods for handling constraints will
be introduced and combined with multi-objective PSO
(MOPSO). Then they are applied to designing a hybrid 7BA
∗
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lattice [4] that has the same energy as the Hefei Advanced
Light Source (HALS) [5], and a comparison between them
is made.

CONSTRAINT HANDLING METHODS
A CMOP can be deﬁned as follows:
minimize: F(x) = ( f1 (x), f2 (x), . . . , fm (x)) ;
subject to: g j (x) ≥ 0, j = 1, 2, . . . , J;
hk (x) = 0, k = 1, 2, . . . , K;

(1)

xiL ≤ xi ≤ xiU , i = 1, 2, . . . , n;
where m is the number of objective functions, n is the number of decision variables, J is the number of inequality constraints, K is the number of equality constraints, xi L and xi U
are the lower and upper limits of the i-th decision variable.
If not considering the constraints, a solution xi is said to
dominate another solution x j , if the following conditions
hold:
• xi is no worse than x j in all objectives;
• xi is strictly better than x j in at least one objective.
To handle the constraints, the violation degree is introduced,
deﬁned as the sum of the squares of the constraint violation
values:
H(x) =

J
K


[min{0, g j (x)}]2 +
[hk (x)]2,
j=1

(2)

k=1

where all constraints are normalized before computing the
constraint violations. Now we will present four constraint
handling methods.

Method 1: Biasing Feasible over Infeasible Solutions (1)
The ﬁrst method is to change Pareto dominance to
constraint-Pareto dominance [6] by keeping the objective
function unchanged. Assuming minimization, a solution xi
constrain-dominates another solution x j if:
• xi is feasible and x j is infeasible;
• xi and x j are both infeasible, but xi has a smaller constraint violation H(x);
• xi and x j are both feasible and xi Pareto-dominantes
xj .

Method 2: Biasing Feasible over Infeasible Solutions (2)
In the second method, a solution xi is said to constraintdominate another solution x j if [7]:
• xi is feasible and x j is infeasible;
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A TEN-BEND ACHROMAT LATTICE WITH INTERLEAVED
DISPERSION BUMPS FOR A DIFFRACTION-LIMITED STORAGE RING
Penghui Yang, Zhenghe Bai∗ , Jiajie Tan, Jianhao Xu, Lin Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China

Abstract

Recently, a multi-bend achromat (MBA) lattice concept,
called the MBA with interleaved dispersion bumps (IDBMBA), was proposed to design the HALS storage ring, which
presented better performance of both on- and off-momentum
nonlinear dynamics. Since the beam emittance scales inversely with the third power of the number of bending magnets, in this paper we will study a new IDB-MBA lattice
with more bending magnets. It is feasible to satisfy the requirement of the IDB-MBA concept in a 10BA lattice, and
an IDB-10BA lattice is then designed for a storage ring light
source with an energy of 2.4 GeV. The designed lattice has
an ultra-low natural emittance of 81 pm·rad, and a dynamic
aperture of about 6 mm and a large dynamic momentum
aperture of 6% are achieved.

INTRODUCTION

For a storage ring light source, since the beam emittance
is proportional inversely to the third power of the number of
bending magnets (bends), a very effective way to reduce the
emittance is to employ more bends. So multi-bend achromat (MBA) lattices have been widely adopted to design
diffraction-limited storage rings (DLSRs) with emittances
of hundreds or even tens of pm·rad. Besides, employing longitudinal gradient bends (LGBs) and reverse bends (RBs) [1]
can further reduce the emittance. Lower emittance generally
means stronger nonlinear dynamics effects. To improve the
performance of nonlinear dynamics, nonlinear cancellation
schemes are usually required in the lattice design of DLSRs.
Inspired by the hybrid MBA [2] and locally symmetric
MBA [3] lattice concepts, recently we proposed an MBA
with a novel nonlinear cancellation scheme for the design of
HALS, which was called the MBA with interleaved dispersion bumps (IDB-MBA) [4]. In the IDB-MBA lattice, two
pairs of interleaved dispersion bumps are created, and like
in the hybrid MBA, the phase advances between each pair of
bumps are set to such values as to cancel out the nonlinear
effects caused by sextupoles. Due to two dispersion bumps
created, the IDB-MBA can have more families of sextupoles
than the hybrid MBA, which can be used to better control
tune shifts with momentum so as to enlarge dynamic momentum aperture (MA). Several IDB-7BA lattices have been
studied for the HALS [5], showing better performance of
both on- and off-momentum nonlinear dynamics.
In this paper, we will explore the IDB-MBA lattice concept, and a new IDB-MBA lattice with more bends will
be studied. In this study, a DLSR with the same energy
∗
†
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wanglin@ustc.edu.cn
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as HALS will be designed with the new IDB-MBA lattice
towards a natural emittance of less than 100 pm·rad.

LATTICE DESIGN
In an IDB-MBA lattice, the horizontal and vertical
phase advances between two pairs of dispersion bumps,
(∆µx1, ∆µy1 ) and (∆µx2, ∆µy2 ) roughly satisfy:
∆µx1 = (2m1 + 1)π, ∆µy1 = n1 π,

(1)

∆µx2 = (2m2 + 1)π, ∆µy2 = n2 π,

(2)

where m1 , n1 , m2 and n2 are integers. The conditions of
phase advance are to cancel out the nonlinear effects of
normal sextupoles. In the IDB-7BA lattice, (∆µx1, ∆µy1 )
and (∆µx2, ∆µy2 ) are both (3π, π) [4], as shown in the upper
plot of Fig. 1. To develop a new IDB-MBA lattice with more
bends, we can add three more combined function bends into
the center of the IDB-7BA lattice, and then an IDB-10BA
lattice can be formed with (∆µx1, ∆µy1 ) equal to (5π, π), as
shown in the lower plot of Fig. 1.

Figure 1: Schematics of the 7BA lattice (upper) and 10BA
lattice (lower) with interleaved dispersion bumps.

Linear Optics Design
Now we use the IDB-10BA lattice to design a DLSR with
an energy of 2.4 GeV. The ring consists of 14 identical lattice
cells with a circumference of 384 m. In the design, the linear
optics and parameters were optimized using multi-objective
genetic algorithm. To search for better lattice solutions,
various magnet parameters were taken in the optimization
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STUDIES OF THE ELECTRON BEAM LIFETIME IN SOLARIS
ELECTRON STORAGE RING
R. Panaś∗ , A.M. Marendziak, A.I. Wawrzyniak and M.Wiśniowski,
Solaris National Synchrotron Radiation Centre, Jagiellonian University, Krakow, Poland
Abstract
Solaris storage ring is a recently constructed and commissioned machine operated in decay mode. With total accumulated beam dose near to 1000 Ah the measured total lifetime
has reached 16 h for 270 mA of a stored current. In this paper, the beam lifetime studies are presented using measured
residual gas analysis and vertical scraper position for tuned
and detuned Landau cavities. It shows that for stable beam
the lifetime is dominated by the interaction of the electron
with residual gas (vacuum lifetime) and between electrons interaction within a bunch (Touschek lifetime). The estimated
vacuum, Touschek and total beam lifetimes from theoretical
analysis are also compared with the measured beam lifetime.

INTRODUCTION
For electron storage ring containing Ne electrons the electron beam lifetime τtot is deﬁned as a relative loss rate at a
given time, according to the formula:
1
1 dNe
=−
τtot
Ne dt

(1)

In general the total lifetime in an electron storage ring is
given by:
1
1
1
1
1
=
+
+
+
τtot τelastic τinelastic τTouschek τquantum

(2)

Where τelastic and τinelastic are components of the vacuum
lifetime from elastic and inelastic scattering of the beam electrons on residual gas molecules and electrons in vacuum;
Touschek lifetime τTouschek is a contribution from scaterring
between electrons within a bunch, which leads to electron
loss due to momentum transfer from transverse to longitudinal motion, whereas the quantum lifetime τquantum is
related to the synchrotron radiation, and its contribution can
be neglected for scraper position range used during these
studies.
According to [1, 2] elastic lifetime is dominated by
electron-nuclei scattering and electron-electron scattering
could be neglected. Therefore the elastic lifetime is given
by:


2πre2 Z 2 βy βy 
1
= cng
(3)
τelastic
γ2
ay2
Where c is the speed of light, ng is the residual gas
density, re is the classical electron radius, Z is the average
atomic number of the residual gas, γ is the relativistic factor
∗
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of the electrons in the stored beam, βy  is the vertical beta
function averaged over the storage ring, βy is the vertical
beta function at the limiting vertical aperture and ay is the
limiting vertical aperture.
Inelastic scattering lifetime consists of two components:
electron-electron and electron-nuclei lifetimes.
1
1
1
=
+
τinelastic τinelastic,elec τinelastic,nucl

(4)

The lifetime due to inelastic scattering on the residual gas
electrons is given by:
 

183
1
= cng 4αre2 Z 2 ln
·
1
τinelastic,elec
3
Z



 

 
1
1
4
5
1
· ln
−
−1
(5)
+
ln
3
δacc
8
9
δacc
Where α is the ﬁne-structure constant and δacc is
momentum acceptance.
The lifetime due to inelastic scattering on the residual gas
nuclei is given by:
 

1194
1
= cng 4αre2 Z 2 ln
·
2
τinelastic,elec
3
Z



 

 
1
1
4
5
1
· ln
−
−1 .
(6)
+
ln
3
δacc
8
9
δacc
Assuming that only elastic lifetime τelastic depends on the
limiting vertical aperture ay [3, 4] one can determine the
lifetime components by measuring the total lifetime τtot as
a function of the vertical scrapers position installed in the
storage ring.
Fitting a formula (7) to the total lifetime function of an
aperture a0 sum of inelastic and Touschek lifetimes can
be calculated from τrest parameter. Moreover, knowing an
average atomic number Z of the residual gas from mass
spectrometer measurements [5], the elastic lifetime can be
calculated from A parameter.
f (x) =

τrest A min(x 2, a02 )

(7)

τrest + A min(x 2, a02 )

LIFETIME MEASUREMENTS
AND RESULTS
The Solaris storage ring is equipped with two vertical, one
horizontal scraper and two Landau cavities. The measurements were done by using two vertical scrapers (up-down
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FIRST STUDY FOR AN UPGRADE OF THE ALBA LATTICE
G. Benedetti, U. Iriso, Z. Martí, F. Pérez
CELLS-ALBA Synchrotron, Cerdanyola del Vallès, Barcelona, Spain

Abstract
ALBA has started a study that will produce the design
of a new lattice for a diffraction limited photon source.
The baseline lattice should preserve the present
circumference and energy, and keep the insertion device
beamline source points as much as possible unchanged.
The first solution is a 16-fold periodic ring based on a
7BA cell with dispersion bump, paired sextupoles and
anti-bends. An emittance of 155 pm·rad would be reached
without longitudinal gradient in the dipole magnets.

INTRODUCTION

The community of third generation light sources is
presently designing and building new lattices with
emittance below 200 pm·rad for the upgrade of the
present storage rings. ALBA is the Spanish synchrotron
light source operated for users since 2012 with an electron
beam of 4.50 nm·rad emittance [1]. After seven years of
successful operation and continouos improvements, a first
feasibility study is started for a possible upgrade with
lower emittance. The first approach is to take advantage
of the most advanced studies carried out in similar light
sources to have a starting lattice as reference for the new
achievable parameters.
Studies carried out at SOLEIL [2] showed that with the
available technology the use of 7BA and 6BA cells
combined with longitudinal gradient dipoles can reduce
the emittance by about a factor 20 (for ALBA 250300 pm·rad) and keep both the geometric constraints,
such as the circumference of the ring and the available
straight sections to not impact the existing insertion
device beamlines, and the optics conditions such as high
beta functions at the injection point. The limitation of
such lattices comes from the non-linear optics affected by
the strong quadrupoles and the subsequent high
chromaticities.
In order to further decrease the emittance with
acceptable non-linear optics, more sophisticated lattices
must be developed and the geometric constraints relaxed.
As in SOLEIL [3], for ALBA a totally symmetric ring
with many identical hybrid 7BA cells, that combine the
sextupole pairing scheme and dispersion bump as in
ESRF-EBS [4] with anti-bends as in SLS-2 [5], can be a
feasible solution with a natural emittance of 155 pm·rad
provided that the injection scheme is changed by adopting
either new pulsed multipole kicker or on-axis solutions,
which are presently under development in many other
synchrotrons.

UPGRADE LATTICE

The present ALBA synchrotron storage ring is a fourfold symmetry lattice composed of 16 double-bend cells
TUPGW061
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Figure 1: Optics of the two types of double bend cell in
the present ALBA lattice.
of two types (Fig. 1). It provides 4 long straight sections
of 7.8 m with high beta functions, one of which houses
the injection kickers, and 12 medium straight section of
4 m with low beta functions.
The upgrade lattice under study has been designed with
16 identical hybrid 7BA cells that provide 4.3 m long
straight sections (Fig. 2). It has two dispersion bumps
where paired chromatic sextupoles are located with 3π
and π horizontal and vertical phase advance to get a -I
transformation between them and compensate most of
their non-linear kicks (Fig. 3). In addition there are two
anti-bend magnets with 0.3 T field and 32 T/m focusing
gradient, placed at the dispersion peaks in order to control
the dispersion and push the emittance down.

Figure 2: In the upgrade lattice, the two types of doublebend cell (8 matching cells plus 8 unit cells) of the present
lattice are replaced by 16 identical hybrid 7-bend
achromatic cells.
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPGW063

STUDYING THE DYNAMIC INFLUENCE ON THE STORED BEAM
FROM A COATING IN A MULTIPOLE INJECTION KICKER
J. Kallestrup∗ , Å. Andersson, J. Breunlin, D. K. Olsson, P. F. Tavares
MAX IV Laboratory, Lund, Sweden
P. Alexandre, R. Ben El Fekih, Synchrotron SOLEIL, Gif-sur-Yvette, France
Abstract
The MAX IV 3 GeV ring is the first synchrotron light
source utilizing the Multi-Bend Achromat scheme to achieve
a low horizontal bare-lattice emittance of 328 pm rad providing high brilliance x-rays for users. A novel Multipole Injection Kicker (MIK) designed and constructed by SOLEIL
is used to allow top-up operation with only minor disturbances to the stored beam, i.e., the users. We investigate the
stored beam perturbations due to quadrupole fields arising
during the MIK pulse, originating from its inner coating.
Maximum bunch emittance growth of 21 pm rad was found
in simulations. Measurements of the stored beam impact are
performed and found to be in good agreement with simulations. We conclude that the MIK at MAX IV 3 GeV has the
potential to deliver quasi-transparent injections with good
capture efficiency.

INTRODUCTION
The ultimate goal of injection schemes for new storage
ring-based light sources is to deliver transparent injections
in top-up mode with no particle loss. Current off-axis injections schemes utilizing 3- or 4-kicker bumps are not transparent, since the bump closure is not perfect, leading to betatron
oscillations of the stored beam with oscillation amplitudes of
several tens of microns. A potential way of achieving transparent injections is to use Multipole Injection Kickers (MIK)
which have no magnetic field on-axis, while maintaining a
high field off-axis. The scheme of using quadrupole- and
sextupole-kickers for injections was first employed at KEK
PF [1, 2], and later by BESSY II [3] with an innovative MIK
design. In recent years, SOLEIL further developed the MIK
concept in collaboration with MAX IV [4]. Since winter
2017, MAX IV has successfully used a SOLEIL-built MIK
as the primary injection scheme, demonstrating >90% transfer efficiency and only small horizontal and vertical stored
beam perturbations of ±13 µm and ±8 µm, respectively [5].
A similar MIK will later be installed a the SOLEIL storage
ring [6].
The ceramic chamber of the MIK is coated with a thin
layer of titanium. On one hand, the coating must be thin
as to not perturb the magnetic field and limit quadrupole
components arising from eddy currents; on the other hand, it
must be thick to decrease the deposited power on the chamber.
At MAX IV, the titanium coating has a thinkness of 1 µm. It
has frequently been revealed in operation that heating issues
arise, indicating that a thicker coating would be preferable.
∗
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The issue of beam blow-up due to the residual quadrupole
field has previously been studied using an early MIK design
and found to be negligible [7]. Here, we extend these studies
by including the individual bunch-by-bunch perturbation
from the MIK.

SIMULATIONS
The MIK pulse has a half-sine shape with 3.52 µs width,
corresponding to two revolution times. All simulations presented here is for a simulated data set with 5 µm Titanium
coating. The vertical magnetic field is designed to have a octupolar shape, and is plotted in Fig. 1. To resolve the bunchby-bunch perturbations, the data set is interpolated into timesteps of 10 ns, equal to the bunch spacing for the MAX IV 3
GeV ring 100 MHz RF system. For each time-step after the
start of the pulse, we fit the simulated magnetic field to obtain
the multipole components as a function of time, as presented
in Fig. 2. The octupole components follows the half-sine
shape, while eddy current-induced quadrupole components
has a significantly different temporal shape, peaking around
0.6 µs and 3.4 µs.

Figure 1: Temporal shape of the magnetic field from the
MAX IV Multipole Injection Kicker with a 5 µm Ti-coating.
Peak field is reached after and 1.76 µs.

Bunch-by-bunch Emittance Growth
All particle tracking was done using the atfastring function of the Accelerator Toolbox [8] including both synchrotron damping and quantum excitation. Initially, to gain
an understanding of the long-term effects of the MIK, we
track a total of 106 particles for 27000 turns, corresponding
to three horizontal damping times. The lattice used is the
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TRIALS OF BEAM-BASED SEXTUPOLE CALIBRATION THROUGH 2ND
ORDER DISPERSION
D. K. Olsson∗ , Å. Andersson, M. Sjöström, MAX IV Laboratory, Lund University, Lund, Sweden
Abstract

THE MAX IV 3 GEV STORAGE RING
LATTICE
The MAX IV 3 GeV storage ring lattice consists of 20
identical achromats. Each achromat has five sextupole magnet families (see Fig. 1), each on a separate circuit by family
and achromat. The SDend, SFi, SFo, and SFm families consist of two magnets connected in series, while the SD family
consists of 10 in series. The SFi circuit in achromat 8 is split
up for BPM offset experiments, resulting in a total of 101
separate sextupole circuits [2].

Figure 1: Sextupoles of the MAX IV 3 GeV storage ring
achromats. [2]
The linear optics has been corrected using LOCO, and
the machine functions can be found in [4]. There, the maximum amplitude of the horizontal beta beat is reported to be
∼1.9 %, and the dispersion beating ∼6.2 %. At the time of
measuring, the horizontal beta beat was slightly higher at
∼2.8 %.
Prior to these investigations the non-linear optics of the
machine had been optimised using RCDS in order to increase
horizontal kick resilience [4], and the chromaticity corrected
to +1/+1. Due to time constraints the optimisation used
global sextupole and octupole family values as optimisation
parameters.

η1 =

β(s)
2 sin πν
p

The second order dispersion function, η1 , is given by [3]:
∗
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s+L

s
2

p

β(ζ) f1 (ζ) cos [νπ + ϕ(s) − ϕ(ζ)]dζ

(1)

where h, the dipole bending curvature, k, the normalised
quadrupole strength, and m, the normalised sextupole
strength, are all functions of the longitudinal position, s.
From Eq. (1) we get that the second order dispersion is
linear with respect to the sextupole fields of the lattice. Thus,
a change in the 2nd order dispersion, induced by a change
in sextupole strength, can be used to derive the change of
sextupole strength.

METHOD
The 2nd order dispersion of the MAX IV 3 GeV storage ring was simulated in Accelerator Toolbox using full
6-dimensional particle tracking. The procedure used was the
same as the one later used to measure on the machine. The
accelerating RF was shifted between −500 Hz to 500 Hz in
100 steps of 10 Hz. At each BPM, a polynomial was fitted
to the dispersive orbit vs change in momentum. The 2nd
order dispersion at each BPM is the quadratic coefficient of
this polynomial, while the linear coefficient is the 1st order
dispersion.
In order to properly extract the 2nd order component of
the dispersive orbit the polynomial to fit needs to be of a
high enough order, at a certain shift in RF, so that higher
order components do not affect the 2nd order component.
The order also needs to be low enough so that there is little
risk of over-fitting to the BPM noise present in the real
measurement.
For a shift of ±500 Hz in accelerating RF, fitting a third
order polynomial is sufficient to bring the residuals down to
a level set by the BPM noise at cold beam, σ = 0.4 µm (see
Fig. 2).
10 0
10 -5
W/O BPM noise
W BPM noise

10 -10
10 -15

THEORY

∫

f1 = − h + (2h − k + h ′η0′ )η0
1
1
+ (2hk − h3 + m)η02 + hη0′2
2
2

RMS

In order to achieve nominal performance in terms of the
dynamic aperture and lifetime of a storage ring, it is important to be able to characterise and correct its second order
optics. At the MAX IV 3 GeV storage ring in Lund, Sweden, the linearity of the 2nd order dispersion with chromatic
sextupole field strengths has been utilised to investigate the
sextupole circuits. The beating induced in the 2nd order
dispersion when reducing the strength of a sextupole magnet
can be compared to the beating in simulations. From this a
beam-based sextupole calibration curve can be found. This
work was inspired by similar work done at ESRF [1].
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Figure 2: RMS when fitting a polynomial of a certain order
to the dispersive orbit in each BPM. The RMS becomes
dominated by BPM noise, σ = 0.4 µm, at 3rd order.
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EXPLORING THE POTENTIAL OF THE SWISS LIGHT SOURCE
M. Aiba, M. Böge, A. Citterio, M. Dehler, A. Lüdeke, C. Ozkan Loch, L. Stingelin, A. Streun
Paul Scherrer Institut, 5232, Villigen, Switzerland
Table 1: SLS Parameters

Abstract
The Swiss Light Source (SLS) has been operational since
2001. Although its performance meets the specifications,
it still has a potential to achieve better storage ring beam
parameters. We explore possible improvements on the beam
lifetime and the beam emittance.

SLS PARAMETERS

The parameters, which are important and/or relevant to
this study, are summarised in Table 1.

BEAM LIFETIME

We have spent several machine development shifts to examine how short the gap of the filling pattern can be allowed.
The beam lifetime, the bunch length and the vertical beam
size were measured for the number of bunches of 390, 410
and 430, which correspond to the gaps of 90, 70 and 50,
respectively. During the measurement, top-up injection was

1554

Value

Circumference
Beam energy
Rf frequency
Harmonic number
Harmonic cavity [4]
Compaction factor
No. of bunches
Beam lifetime
Beam current
Beam emittance
Energy spread

INTRODUCTION

288 m
2.4 GeV
∼500 MHz
480
Passive, ∼1.5 GHz
0.0006
390 nominal
about 8 h
400 mA
5.5 nm
0.09%

applied as in the user operation mode to keep the beam current within a range of 400–402 mA and the filling pattern
was controlled with a filling pattern feedback [5]. The beam
lifetime was evaluated using the reading of current transfer between injections. Figure 1 shows the measured beam
lifetime.
9.5
Beam lifetime (hour)

The Swiss Light Source (SLS) has been operational since
2001. The SLS has met its design goals, and yet it has a
potential to achieve better storage ring beam parameters.
We explore two possible improvements of the storage ring
electron beam parameters.
The first possible improvement is for the beam lifetime.
The beam lifetime of the SLS is mainly determined by Touschek lifetime and therefore depends on the bunch population. From the lifetime point of view, a uniform filling is the
best. On the other hand, an ion cleaning gap is essential to
suppress ion instability. For this reason, 390 bunches are
nominally stored whereas the harmonic number of rf is 480,
leaving 90 buckets empty. After many years of operation,
however, the vacuum condition has improved since the SLS
was first turned on. Hence it is possible to shorten the gap
in the filling pattern such that the beam lifetime can be prolonged. This study may be also useful to consider possible
filling patterns in SLS 2.0, which is the upgrade plan of
SLS [1].
The second improvement concerns beam emittance or
energy spread. The nominal energy closed orbit coincides
with the axes of quadrupole magnets while an off-momentum
closed orbit is off-centered through quadrupoles. Therefore
the damping partition is shifted for the off-momentum closed
orbit, and the beam emittance can be decreased at the expense of a larger energy spread and vice versa. This was
successfully achieved in the SPring-8 storage ring [2] and
the ESRF booster [3]. We study whether it is applicable to
the SLS storage ring.

TUPGW066

Parameter

9.0
8.5
8.0
7.5
7.0
6.5

390

400

410

420

430

Number of bunches

Figure 1: Measured beam lifetime for various number of
bunches.
As seen in Fig. 1, the lifetime improved as the number of
bunches increased. The measurement was performed with
insertion devices being turned off. Since the lifetime was
optimized with the insertion devices turned on, the initial
lifetime of about 7 hours was a little shorter than the value
routinely achieved during the user operation (8–9 hours).
The vertical beam size was about 13.8 µm rms and essentially
constant over the number of bunches up to 430, indicating a
good suppression of ion instability. The vertical beam size
was measured using the beam size monitor described in [6].
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NEW SOURCE FOR BENDING MAGNET BEAM LINES AT ULTRA-LOWEMITTANCE RING
M. Abbaslou†1, M. Sedaghatizadeh1, F. Saeidi2, J. Rahighi2, S. Dastan2
Department of Physics, Khaje Nasir Toosi University of Technology, Tehran, Iran
2
Iranian Light Source Facility (ILSF), Institute for Research in Fundamental Sciences (IPM),
Tehran, Iran
1

Abstract
The Iranian light source facility (ILSF) is a 3 GeV 3rd
synchrotron radiation laboratory in the basic design
phase. The Storage Ring (SR) is based on a five-bend
achromat (5BA) lattice, providing low horizontal emittance of 0.27 nm.rad. Due to the ILSF storage ring
straight section limits, the use of short length wigglers for
hard X -ray generation is recommended. This paper describes the magnetic design and optimization of the 3pole wiggler for ILSF. The 3D modeling and flux calculations have been carried out by the Radia and SRW Codes,
respectively.

INTRODUCTION
The Iranian Light Source Facility (ILSF) is a new synchrotron radiation light source in the Middle East, with
400 mA stored beam current operating in top-up mode.
The circumference of the storage ring (SR) is 528 m and
the horizontal electron beam emittance is 0.27 nm.rad.
The ILSF storage ring is based on a five-bend achromat
(5BA) lattice. The main parameters of the lattice including the bending magnet specification and beam sizes are
listed in Table 1.
The more number of bending magnets per cell, the
lower magnet field and then the smaller emittance of
lattice, but it is however in conflict with the hard X-ray
demand from bending magnets source (BM). The critical
energy of 3.35keV of these dipoles would be useful for
several experiments in the soft X-ray regions but it is not
applicable for hard X-ray experiments. In order to avoid
this limitation, the ILSF team has proposed two solutions
of utilizing super-bend magnets and short insertion devices. For the ILSF, these solutions would be superior to
additional insertion devices. The first solution, the SR
lattice in the presence of the super-bend magnet and detailed magnetic design, have been described in Refs.[1]
and [2], respectively. In the second solution, a short insertion device would be applied adjust to the dipole magnets
as a new source in each super-period of the ring which
would be presented in this article.

Table 1: Main ILSF Storage Ring Parameters
Parameter

Unit

Value

Energy
Maximum beam current
Lattice structure
Number of super period
Natural emittance
Length of straight
Section
Beam size at straight
section x/y
Beam size before central
dipole x/y
Natural energy spread
Natural energy loss per
Turn
Dipole field
Radiation power from di
poles @ 400 mA
Radiation integral, I1
Radiation integral, I2
Radiation integral, I3
Radiation integral, I4
Radiation integral, I5
Beta function at straight
section (𝛽𝑥/𝛽𝑦)

GeV
mA
nm.rad
m

3
400
5BA
20
0.27
7.021

µm/µm

69/3

µm/µm

12/4

keV

6.98x10-4
433.9

T
kW

0.56
214.390

m
1/m
1/m2
1/m
1/m
m/m

9.63x10-2
3.56x10-1
2.02x10-2
-1.35x10-1
1.01x10-5
17.787/
3.294

The photon flux of the 3PW and bending magnet have
been shown in Fig. 1. The figure is directly produced by
the SRW code.[3] The 3PW flux spectrum is the same as
the BM it just has shifted to higher energies. This dipole
source is inadequate for the hard X-ray beam lines for
energies above 10 keV. Hence, the 3PW can be an acceptable source instead of the ILSF low field dipole magnet.
The 3PW is designed as a source for hard X-rays beam
lines such as powder diffraction and macromolecular
crystallography, which the required flux and energy are
1012 Ph/s and 6-30 keV, respectively.
The lack of straight sections is a significant issue in the
ILSF machine, since there will be totally 17 free straight
sections for insertion devices (IDs).

___________________________________________
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INSERTION DEVICES FOR THE DAY-ONE BEAMLINES OF ILSF
M. Hadad1†, F. Saeidi, M. Razazian, S. Yousefnejad, J. Rahighi, S. Dastan
Iranian Light Source Facility, Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
1
also at Faculty of Physics, Shahid Beheshti University, Tehran, Iran
Abstract
th

Iranian Light Source Facility (ILSF) is a 4 generation
light source under construction with a 3 GeV storage ring.
The ILSF consists of seven different beamlines with linear
polarization (i.e. X-ray Powder Diffraction (XPD) beamline, Single Crystal X-ray Diffraction (SXRD) beamline,
EXAFS beamline, and Macromolecular Crystallography
(MX) beamline) and variable polarization (i.e. Solid State
Electron Spectroscopy (SSES) beamline, Spectromicroscopy (SM) beamline, and gas phase electron emission
(ESCA) beamline). The insertion devices of ILSF beamlines with variable polarization are needed to be of helical
types and the insertion devices with linear polarization are
needed to be able to generate hard X-ray synchrotron radiation. In designing day-one ILSF beamlines, several different insertion devises are considered. The APPLE II types
undulators, which are of the most operational undulators to
generate soft X-ray synchrotron radiation with variable polarization in synchrotron machines [1], are considered as
candidates for beamlines with variable polarization in
ILSF. As candidates for hard X-ray beamlines with linear
polarization, two in-vacuum undulators (IVU), one cryogenic permanent magnet undulator (CPMU), and one invacuum wiggler (IVW) are considered. In this paper, magnetic design and important parameters of the day-one
beamlines of ILSF are presented.

INTRODUCTION
The storage ring (SR) of ILSF is a low emittance 3 GeV
storage ring with 528m circumference and 20 super periods, which is based on a Five-Bend Achromat lattice
providing an ultralow horizontal beam emittance of
0.27 nm-rad [2, 3]. In Table 1, beam parameters of ILSF
storage ring in the middle of its straight sections are given
and Table 2 lists the IDs required for the day-one ILSF
beamlines. Their names include their period lengths in millimetre.

PHYSICAL CONSIDERATION
With regarding to the fact that each straight section in
ILSF storage ring has 7.02 m long and 4.2 mm minimum
vertical beam stay clear aperture in its middle, the minimum magnetic gap of in-vacuum undulators is considered
to be 4.4 mm. In addition, the maximum magnetic length
of in-vacuum undulators is considered to be about 6 m
since approximately 1 m of magnetic length will be occupied with valves, absorbers, flanges and tapers. The helical
undulators, i.e. APPLE II undulators, are chosen to be out
of vacuum types undulators with a minimum magnetic gap
___________________________________________

of 11 mm and a maximum length of 6 m. The minimum
magnetic gap and the maximum magnetic length of in-vacuum Wiggler are also considered to be 4.4 mm and 6 m,
respectively.
Table 1: Beam Parameters of ILSF Storage Ring in the Middle of its Straight Sections [2]
Parameter
Beam Energy
Beam current
Energy Spread
Horizontal Emittance
Vertical Emittance
Horizontal Beta function
Vertical Beta Function
Horizontal Beam Size (rms)
Vertical Beam Size (rms)
horizontal beam divergence (rms)
vertical beam divergence (rms)

Value
3 GeV
100 mA
6.79 × 10
0.26 nm-rad
0.00267 nm-rad
17.787 m
3.294 m
68.9 𝜇𝑚
2.96 𝜇𝑚
3.87 𝜇𝑟
0.9 𝜇𝑟

UNDULATORS
Because of smaller electron beam emittances in a 4th
generation light source facility, brilliance can be enhanced
until the diffraction limit is reached. To reach higher brilliance as well as higher photon flux in a 4th generation light
source, using of undulators is necessary.
APPLE II type undulators are of the best candidates for
generating soft X-ray with non-linear polarization. To generate hard X-ray synchrotron radiation, it is necessary to
use standard undulators (undulators with K>2) with short
period length. In order to keep the magnetic gap of an insertion device small enough to reach higher magnetic peak
field, it is necessary to use in-vacuum undulators. In order
to generate synchrotron radiation with wide range of energy spectrum, it is also necessary to use an undulator with
higher harmonics. CPMUs with respect to their high magnetic field quality are of the best candidates for undulators
with higher harmonics [4, 5].
Table 2: Names and Types of Day-one ILSF Beamlines Insertion Devices
Beamline
XPD
SXRD
EXAFS
ESCA
SSES
SM
MX

Spectral Range
6-30 keV
5-25 keV
3-35 keV
15-1000 eV
10-1000 eV
100-1500 eV
3-25 keV

ID name
U17
U20
W44
U110
U114
U60
U18

Type
CPMU
IVU
IVW
APPLE II
APPLE II
APPLE II
IVU
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MULTI-BEND ACHROMAT LATTICE DESIGN FOR THE FUTURE OF
TPS UPGRADE
M.S. Chiu†, J.C. Huang, P.J. Chou, NSRRC, Hsinchu 30076, Taiwan
S.Y. Lee, Indiana University, Bloomington, USA

Abstract

We present a TPS upgrade option with the hybrid 7BA
(H7BA) lattice. We also derive a simple formula on optimal dipole angle distribution among H7BA dipoles. The
agreement is satisfactory. We also report preliminary
results on the dynamic aperture (DA) optimization. Possible improvement on H7BA lattice is outlined.

INTRODUCTION

The Taiwan Photon Source (TPS) is a low-emittance
3 -GeV light source at National Synchrotron Radiation
Research Center (NSRRC). It had succeeded to deliver to
user operation since Sep. 22, 2016 [1]. The circumference
of the storage ring is 518.4 m. The TPS consists of
24 DB(A) cells with a natural emittance of 1.6 nm. The
booster ring and storage ring are concentric structure,
located in the same tunnel. Off-axis top-up injection (AC
septum + 4 kicker magnets) is adapted to inject beam
from booster ring to storage ring through BTS (Booster to
Storage ring) transfer line.
To meet the demand of low emittance and high coherence synchrotron light from scientific community to explore frontier in science applications, a number of new or
storage ring upgrade projects from the existing 3rd generation storage rings based on the multi-bend achromat
(MBA) lattice [2], e.g. ESRF-EBS [3-4], APS-U [5],
ALS-U [6], SLS-2 [7], Diamond-II [8], SOLEIL-II [9],
Spring-8 II [10], MAX IV, and HEPS [11], etc.
We study the prospective for the future TPS upgrade.
The future upgrade of TPS storage ring is constrained by
the existing tunnel, circumference of 518.4 m, 500 MHz
SRF system and injector system (LINAC and Booster).
We wish to maintain the injection scheme with off-axis
top-up injection. We carry out several different types of
lattices, e.g. QBA [12], 5BA, 6BA, and 7BA. Among of
them, those who match the criteria will be chosen as candidates for the future of TPS upgrade. The selection criteria include the beam emittance, Touschek lifetime, momentum acceptance (MA), dynamic aperture (DA), user
requirements and the upgrade costs.
Our MBA lattice design plans are described below.
First step is to scale MBA lattices specific to the TPS
storage ring using the matching module of MAD8 [13]. In
order not to disturb the photon beam lines, the cell number kept at 24. This determines the bending angles of the
dipoles and the cell length. It also needs to consider
enough space for diagnostic and vacuum components.
Once a stable solution is obtained, we use this solution as
a seed to generate many stable linear lattices with differ____________________________________________

ent tunes. For each stable lattice, nonlinear optimization
algorithms, e.g. multi-objective genetic algorithm (MOGA), and/or multi-objective particle swarm optimization
(MOPSO) [14], are used to optimize the dynamic aperture
(DA) and momentum acceptance (MA). The optimization
procedure includes multipole errors with a dozen of random seeds during the computation of DA and MA to find
out a most robust lattice. The iteration between linear and
non-liner lattice optimization or combined linear and nonliner lattice optimization are integrated into our design
code. We report the H7BA upgrade option in this report.
The paper is organized as follows. Section 2 discusses the
H7BA option. Section 3 derives analytic formula and
finds the optimal dipole angles of the DBA and FODO
sections. Our design agrees well with the theoretical result. The conclusion is discussed in Section 4.

H7BA CELL DESIGN
The hybrid 7BA (H7BA) cell design is started by scaling the ESRF-EBS lattice cell to the TPS storage ring.
The H7BA cell structure can be treated as three FODO
cells and sandwiched in between two DBA cells. The
DBA cells mentioned here are not complete symmetric,
lacking of quadrupoles in one side. A pair of quadrupole
doublets is located at both sides of the H7BA cell to
match the beta function and dispersion. The dipoles in the
FODO cells are combined-function magnets with transverse gradient. The dipoles in the DBA cells have longitudinal gradient. Three chromatic sextupoles (one focusing and 2 defocusing) and one octupole are located in
between two longitudinal gradient dipoles to correct
chromaticities and optimize dynamic aperture, respectively. The dispersion bump is created in between two longitudinal dipoles to reduce the sextupole strength for chromaticity correction. The difference of phase advances
between two focusing sextupoles, located in two DBA
cells, respectively are 3/for horizontal and vertical
planes, respectively to cancel resonance driving terms of
geometric aberration. It is called -I transformation. This
type of lattice is also adopted by APS-U [5] and HEPS
[11]. APS-U and HEPS employ some quadrupoles of
H7BA cell in horizontal plane to form reverse bends for a
better dispersion function matching control.
In this design, we set a standard straight section of
5.5 m for 24 cells in the TPS-2. The cell length is 21.6 m
and the bending angle per cell is 15 degrees. Figure 1
shows the layout of the H7BA cell and lattice functions,
matched by MAD8 [13], without reverse bend. Lattice
properties comparison between TPS and TPS-2 are listed
in Table 1. Lattice magnets are still under optimization,
not yet final.
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OPTIMIZATION AND MEASUREMENTS ON THE DOUBLE MINI-BETAY
LATTICE IN THE TPS STORAGE RING
M.S. Chiu†, C.H. Chen, Y. C. Liu, F.H. Tseng, C.C. Kuo, H.J. Tsai, J.Y. Chen, K.H. Hu, P.C. Chiu,
C.Y. Liao, Y.S. Cheng, T.Y. Lee, W.Y. Lin, B.Y. Chen, T.W. Hsu, P.Y. Huang, J.C. Huang, P.J. Chou
National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan
Abstract
The Taiwan Photon Source (TPS) is capable of operating
in multi-bunch and single-bunch mode. To operate in a hybrid mode as requested by users, we developed a lattice
with chromaticities of 0.8/2 (x/y) to provide higher single
bunch currents. Beam dynamics simulations and lattice
characterizations including dynamic aperture, frequency
map analysis, tune shift with energy, tune shift with amplitude, and betatron coupling will be discussed in this report.

INTRODUCTION
The Taiwan Photon Source (TPS) [1] is a 3rd generation
3 GeV synchrotron light source. It delivers photon beams
to users since Sep. 2016. The lattice for user operation is a
double mini-betay lattice [2], different from the lattice used
for TPS commissioning [1]. Figure 1 shows the Twiss
functions for the TPS double mini-betay lattice.

This is a preprint — the final version is published with IOP

Figure 1: Twiss functions for the double mini-betay lattice in the TPS storage ring.
The TPS can operate in multi-bunch and single-bunch
mode. The normal operating mode is the multi-bunch mode
with lattice chromaticities of 0.7/0.8 (x/y). Recently, users requested operation in a hybrid mode by fall of 2019.
Hence, a lattice with chromaticities of 0.8/2 (x/y) was developed than can provide higher single-bunch currents.
The betatron tunes for these two lattices with chromaticities of 0.7/0.8 and 0.8/2 are the same at 26.14/14.24 (x/y).
The simulation codes MAD8 [3] and OPA [4] are used
to optimize the linear and nonlinear lattice and Tracy-2 [5]
is used to perform beam dynamics simulations. The injection efficiency is optimized up to 95%, and the beam lifetime is longer than 10 hours. Dynamic aperture (DA), frequency map analysis (FMA) [6-8], tune shift with energy,
___________________________________________
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tune shift with amplitude, and betatron coupling of the double mini-betay lattice with chromaticities of 0.8/2 are presented in the following sections. Linear lattice calibrations
[9] for the double mini-betay lattice is performed every
month with LOCO.

FREQUENCY MAP ANALYSIS (FMA)
Experimental Conditions
The storage ring lattice with chromaticities of 0.8/2 is
filled with a train of 36 electron bunches, as shown in Fig.
2. The time duration of the bunch train is about 72 ns and
the total beam current is about 10 mA. A pair of horizontal
and vertical pinger magnets with a pulse width of about 3
s is installed between the 3rd and 4th injection kicker magnets in the storage ring. The revolution time of the electron
beam is about 1.732 s. The bunch train is aligned to the
peak of the output waveform of the pinger magnet such that
the bunch train sees the kick from the pinger magnet only
once and only at the first turn. This guarantees that the electron bunch trains see only a single-turn kick from the
pinger magnet.

Figure 2: (a) Filling patterns for 36 electron bunches in the
TPS storage ring. (b) Pinger output waveform.

Data Collection
A MATLAB script was developed to collect BPM data
automatically. Two ‘for loops‘ are used to increase kick
strength of the horizontal and vertical pinger magnets until
the beam is completely lost, independently kicking electron beam and exciting betatron oscillations. In order to get
a regular frequency map, the increments for the pinger
magnet kick strengths were chosen such that the square of
pinger strengths are evenly spaced [8]. At each kick by the
pinger magnets, the 172 BPMs, working in turn-by-turn
(TbT) mode, store up to 7000 turns and were synchronized
with the pinger magnets to record electron beam positions.

Data Processing
We chose first and second 510 turns (a multiple of 6, required by NAFF (Numerical Analysis of Fundamental Frequencies) [6]) of TbT data of the BPMs, located at the injection section, to calculate the betatron tunes of the first
TUPGW071
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DESIGN AND OPTIMIZATION OF FULL ENERGY INJECTOR LINAC
FOR SIAM PHOTON SOURCE II
T. Chanwattana*, P. Klysubun, T. Pulampong, P. Sudmuang
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand

Abstract
The new Thailand synchrotron light source, Siam Photon
Source II (SPS-II), has been designed based on a 3 GeV
storage ring with a Double-Triple Bend Achromat (DTBA)
lattice and a full energy injector linac. The linac consists of
an S-band photocathode RF gun, C-band accelerating
structures and two magnetic chicanes. In addition to its
main function as the storage ring injector, the linac is capable of producing sub-picosecond electron bunches for additional short-pulse beamlines at the end of the linac. The
linac also has a potential to become a driver of a soft X-ray
Free Electron Laser (FEL) operating adjacent to the storage
ring. In this paper, start-to-end simulations of the full energy linac are presented. Optimization was performed in
order to fulfil requirements for both storage ring injection
and short pulse generation.

INTRODUCTION

Siam Photon Source (SPS) is the biggest synchrotron
light source in South East Asia and it has been operated
with 1.2 GeV beam energy and 41 nm·rad beam emittance.
The SPS storage ring is composed of four Double Bend
Achromat (DBA) cells. The SPS has been upgraded to
serve the user community with higher quality of synchrotron radiation including installation of four insertion devices (IDs) in all available straight sections of the storage
ring. As the user community keeps growing in recent years,
a new synchrotron light source with better performance
and higher capacity of IDs is required.
A future 3-GeV storage ring, SPS-II, has been designed
utilising DTBA lattice with the ring circumference of 321.3
m and beam emittance of 0.96 nm·rad aiming for higher
photon flux and higher capacity of beamlines [1]. In terms
of an injector for SPS-II, a full energy linac has been considered according to its potential to be operated as both a
storage ring injector and a driver of short-pulse beamlines.

Additional undulators can be installed at the end of the
linac to establish soft X-ray FEL facility in the future.

FULL ENERGY LINAC DESIGN
The full energy linac for SPS-II was designed to be located in an underground tunnel. The design includes bunch
compressors for shortening electron bunch length to generate sub-picosecond electron bunches which are required for
the short-pulse beamlines and the future FEL. The Majority
of accelerating structures in the linac was chosen to utilise
high-gradient C-band structures developed for SACLA [2]
to shorten the length occupied by the accelerating structures and make room for two bunch compressors in the
linac. The layout of the linac including a transfer line (TL)
of SPS-II is shown in Fig. 1. Pre-injector (L0) mainly consists of an S-band photocathode RF gun, a booster linac
consisting of two S-band accelerating structures (L0S1 and
L0S2), two C-band structures and an X-band structure. A
photocathode gun operating at repetition rate of 60 Hz was
chosen. Copper was chosen as a cathode material due to
long lifetime and fast response time. Hence, a UV laser is
required for the photoemission. A laser system for the injector consists of an IR oscillator laser, regenerative amplifiers and a third harmonic generator. The X-band structure
is used to linearize longitudinal phase space for better
bunch compression. The main linac consists of C-band
structures and quadrupoles. The main linac is separated
into two parts, L1 and L2. There are two bunch compressors based on a four-dipole chicane. The first bunch compressor (BC1) is used for bunch compression at low energy
(~200 MeV). The second bunch compressor (BC2) performs bunch compression at high energy (~1.6 GeV). The
length of the linac from the photocathode gun to the end of
L2 is about 160 m. The electron beam from the linac is
transferred through the TL to the storage ring on the ground
floor.

Figure 1: Layout of a full energy injector linac for SPS-II including a vertical transfer line to the SPS-II storage ring.
____________________________________________
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TOWARDS A DIFFRACTION LIMITED STORAGE RING*
J. Bengtsson†, Diamond Light Source, Oxfordshire, UK
P. F. Tavares, MAX IV Laboratory, Lund University, Lund, Sweden
Abstract
A robust lattice design for a 500 m circ. tunnel, as another step towards a “Diffraction Limited” Storage Ring,
based on first principles and best practices, is presented
(e.g. 𝜀 ~ 𝜆⁄4𝜋 = 8 pm ∙ rad @ 1 Å = 12.4 keV; and a
beam energy of ~3 GeV). In other words, exploratory, strategic work. As the aviation concept: “To stay ahead of the
power curve”.

INTRODUCTION
MAX IV has been the first practical and robust implementation of a 7-Bend-Achromat [1,2], i.e., “Predictable
Results” [3]; which begun operation 2016. In particular, it
has introduced a paradigm shift in the design philosophy
for the “Engineering-Science” in the quest for a Diffraction
Limited Storage Ring (DLSR) [4]. Besides, it’s construction (by necessity) has been innovative and cost effective
(e.g. outsourcing by built-to-Print, concrete girders, etc.).
Similarly, SLS-2 [5,6] has introduced a systematic
method for controlling the linear optics beyond some
20 years of TME inspired paper designs; by introducing reverse bends [7,8] to disentangle dispersion and focusing,
which enables longitudinal gradient bends to efficiently reduce the emittance.
While the conceptual design for the former initially has
been met by a naysayer or two, operating facilities now either is [9], or have plans to, upgrade; by a “Rip-&-Replace”
[5,10-13]. In industry the phenomenon is known as: “Disruptive Technology”.
A key insight for the design of and R&D for MAX IV
has been miniaturization; enabled by leveraging the Engineering-Science know-how provided by: MAX-I -> MAXII -> MAX-III.
Similarly, since permanent magnets are well understood
for insertion devices, i.e., predictable results, they now provide another opportunity (or risk); to “Push the envelope”
further, see Fig. 1.

Figure 1: The Quest for Higher Brightness [14].
Table 1: Requirements

Table 2: Global Parameters for 19-BA

PRELIMINARY CONSIDERATIONS
Preliminary Concept: 19-BA

Figure 2: Linear optics for 19-BA.

The basic requirements are summarized in Table 1. By
numerical simulations and optimizations of the number of
unit cells and cell tune, a 19-BA with 𝜈̅cell = 4⁄16 , 1⁄16
and a natural emittance of 𝜀 = 16 pm·rad (ignoring the
impact of IBS) was obtained as a baseline lattice for a preliminary concept [14], see Table 2 and Figs. 2 and 3.

___________________________________________

*Exploratory strategic work conducted at MAX IV winter 2016-2017.
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Figure 3: Horizontal linear dispersion for 19-BA.
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EARLY COMMISSIONING SIMULATION OF THE DIAMOND STORAGE
RING UPGRADE
H. Ghasem†, M. Apollonio, J. Kennedy, I. Martin, R. Bartolini
Diamond Light Source, Oxfordshire, UK
Abstract

COMMISSIONING PROCEDURE

A low beam emittance lattice has been designed for upgrade of the Diamond storage ring. Due to the use of strong
focusing elements and rather small vacuum chamber and
considering the required short dark time, commissioning of
the designed storage ring becomes very challenging. This
paper briefly explains the progress of early commissioning
simulations of the storage ring, gives the required engineering tolerances, presents the first simulation results and discusses the non-linear beam dynamics (NLBD) issues after
successful commissioning with and without insertion devices (IDs).

INTRODUCTION
The Diamond Light Source (DLS) has started to study
the feasibility of replacing the existing electron storage
ring with a low beam emittance ring called Diamond-II. A
careful lattice design and non-linear beam dynamics optimization have been carried out to achieve the desired storage ring specifications with large dynamic and momentum
apertures, enabling efficient injection of the incoming
beams [1]. The proposed lattice has a six-fold symmetry. It
is based on three unit cells (UC) and two matching cells
(MC) at the start and end of a super period. It provides the
natural beam emittance of 160 pm, around 17 times smaller
than the present Diamond ring within circumference of
560.57 m.
The required small emittance is achieved using stronger
quadrupole magnets which inevitably results in a larger
natural chromaticity and then strong sextupoles are employed to control the NLBD issues. Misalignments of the
strong quadrupoles produce large orbit or trajectory offsets
along the ring and due to the use of strong sextupoles, this
leads to large optics and coupling errors. However, fine
tuning of the orbit and optics require a circulating beam
with sufficient current which has to be first established. In
addition, consideration of the desired short dark time in the
project schedule reveals that the alignment and commissioning of the storage ring are expected to be very challenging.
In this paper, we have addressed the rapid commissioning simulation challenges to find out what are the required
engineering tolerances and to understand how the machine
operation would be in the presence of the realistic errors in
the ring. The impact of the realistic distribution of the elements errors on the performance of the ring has been assessed by means of a statistical analysis of the closed orbit,
linear optics and of the key performance parameters of the
NLBD.
___________________________________________
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The ultimate aim of the simulation is to model the actual
commissioning of the machine including all expected errors. Therefore, our simulation procedure closely follows
the steps which will be performed within the real commissioning. It consists of the following steps; (1) impose the
errors for all the ring elements according to Table 1, (2)
establish the first and many turn trajectory correction until
the closed orbit is found, (3) perform global closed orbit
correction down to reasonable level, (4) correct the optics
and linear coupling errors [2-4]. All simulations of the lattice imperfections and the commissioning strategies were
made using AT [5] and ELEGANT [6] codes.
In order to correct the trajectory/orbit and the optics and
to control the coupling, a set of beam position monitors
(BPMs), combined horizontal and vertical correctors
(HVCORs) and skew quadrupoles (SQUADs) have been
distributed along the cell, as shown in Fig. 1.

Figure 1: Distribution of BPMs, HVCORs and SQUADs
with respect to normalized phase advance in half UC (left)
and MC (right).
The position of such corrector elements was carefully
chosen to provide a sufficiently dense sampling of the
phase advance along the cell, so that an effective orbit correction can be achieved, reducing the orbit close to zero at
the BPMs without correctors fighting each other and effectively controlling the coupling. There are 252 BPMs, 252
HVCORs and 144 SQUADs in total for the whole ring. For
precise orbit control at the IDs, BPMs are placed at either
end of the straight sections. A group of 240 correctors is
embedded in the sextupoles by means of additional windings, while the remaining 12 will be standalone correctors
combining both horizontal and vertical correction. All the
144 skew quadrupoles have been considered as additional
windings inside the sextupoles. Two thirds of the skew
quadrupoles (96 SQUADs) are positioned in locations of
non-zero dispersion while the remaining third (48
SQUADs) are located in the dispersion-free straights.
To start the simulation of the commissioning steps, relatively large initial errors according to Table 1 have been
TUPGW076
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IMPACT OF THE DIAD WIGGLER AND ‘MISSING-SEXTUPOLE’
OPTICS ON THE DIAMOND STORAGE RING
I. P. S. Martin, B. Singh, R. Bartolini, Diamond Light Source, Oxfordshire, U.K.
Abstract
In order to generate space for a short, out-of-vacuum multipole wiggler for the DIAD beamline, a single sextupole
was removed from one of the DBA arcs in the Diamond Storage Ring during June 2018. The removal of this sextupole
presented a number of challenges to the operation of the
storage ring, requiring a re-optimisation of the remaining
sextupole strengths [1], a change in tune-point and modification of the orbit and coupling correction schemes. In
this paper we describe the implementation of these changes,
and provide an assessment of the impact that the installed
wiggler has made on the storage ring parameters.

Figure 1: DIAD wiggler installed between two quadrupole
magnets in the centre of a DBA cell.

INTRODUCTION

PREPARATORY STUDIES

MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

A summary of the changes required to accommodate the
DIAD wiggler is given in Fig. 3. Aside from the removal of
the sextupole, the installation also resulted in the removal of
one pair of horizontal and vertical correctors and one skew
quadrupole magnet, and for two BPMs and a further pair of
correctors to be disabled from the orbit feedbacks.

Sextupole Tests
The work summarised in [1] identified that increasing the
strength of the partner defocussing sextupole is an effective
way of restoring the dynamic aperture after the modification.
In standard optics this is possible within the design operating range, however, for low alpha operation doubling the
strength requires running the magnet deep into saturation
and replacing the 100 A power supply with a 200 A one.
Tests conducted on a spare magnet demonstrated this was
possible, with thermal equilibrium reached for 75 % cooling
water flow rate and a temperature increase of 14.9°C. The
calibration curve for the magnet is shown in Fig. 2.
sextupole strength (m -3 )

Since the beginning of user operations in January 2007,
the number of operating beamlines in the Diamond storage
ring has increased from 7 to 36, consisting of a range of
bending magnet, undulator and multipole wiggler sources.
In order to accommodate this increase, a number of modifications have had to be made to the storage ring, such as
canting of insertion devices (IDs) in standard straight sections, installation of additional quadrupoles to create double
mini-beta optics in the long straights [2], and replacement of
an entire double bend achromat (DBA) cell with a DoubleDBA arc [3, 4].
The Dual Imaging and Diffraction (DIAD) beamline is
the most recent to be installed. This beamline operates at
photon energies between 7 and 38 keV, with a spatial resolution of less than 1 µm. Given the clear desire to maximise
flux density, an ID source was preferred. However, since the
straight sections in the storage ring are now fully occupied,
space had to be created for this ID within a DBA cell by removing one of the chromatic defocussing sextupoles. Before
approval of this project, extensive studies were carried out
to find the best mitigation strategy for the loss of the magnet.
This work identified that injection efficiency and lifetime
could be maintained close to the existing values by doubling
the strength of the partner defocussing sextupole within the
arc, and by making small adjustments to the betatron tunes
and remaining harmonic sextupole families [1].
The DIAD wiggler is a fixed-gap hybrid device of period
116 mm, peak field 1.54 T and 0.7 m total length, as shown
in Fig. 1. It is permanently in position, but can be removed
mechanically if required by means of a screw-thread and
horizontal sliders. In this paper we present the machine
studies carried out in preparation for the lattice modification,
re-commissioning of the storage ring following the replacement of the DIAD-cell girder, and the impact that the DIAD
wiggler has had on the operational performance.
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Figure 2: Strength as a function of current for the remaining
defocussing sextupole magnet.
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HARMONIC CAVITY DESIGN CHOICE FOR LIFETIME INCREASE IN
DIAMOND-II
T. Olsson∗ , I. P. S. Martin, R. Bartolini
Diamond Light Source, Oxfordshire, UK
Abstract
The ongoing trend towards synchrotron light storage rings
with ultralow emittance leads to a requirement for strong
magnet gradients, which reduce the dynamic aperture and
thus the Touschek lifetime of the machine. This is also the
case for the planned upgrade of the Diamond Light Source.
One option to increase the Touschek lifetime is to lengthen
the electron bunches with a harmonic cavity operated close
to a harmonic of the fundamental RF frequency. This paper
presents studies of a harmonic cavity for Diamond-II with
the focus on maximising the lifetime increase. It is foreseen
that the ring will have to operate with a gap in the fill pattern
to avoid instabilities and therefore multiparticle tracking
was used to determine the effect on stability and lifetime
for various cavity parameters taking into account transient
beam loading.

INTRODUCTION
The planned upgrade of the Diamond Light Source to
a multibend achromat lattice storage ring [1] will lead to
a reduction of dynamic aperture and thus momentum acceptance and Touschek lifetime compared to the current
machine. This has consequences for the frequency of top-up
injections. One option to increase the Touschek lifetime is to
lengthen the electron bunches with a harmonic cavity operated close to a harmonic of the fundamental RF frequency. In
addition to increasing the Touschek lifetime, longer bunches
also leads to reduced emittance blow-up from intrabeam
scattering, reduced heating of vacuum components and increased damping of instabilities due to increased synchrotron
frequency spread. All of these effects are advantageous for
the operation of the machine, but so far lifetime has been
the main motivation for the studies of a harmonic cavity for
Diamond-II.
Due to lower complexity compared to an active cavity it is
proposed to choose a passive harmonic cavity. In addition, a
third harmonic cavity has been chosen as a trade-off between
bunch lengthening and user requirements on the maximum
bunch length. Since Diamond-II is proposed to operate at a
fundamental RF frequency close to 500 MHz, the resonance
frequencies of already existing harmonic cavities have also
been taken into account.
The current Diamond ring is operated with a gap in the fill
pattern (900 bunches out of 936) for both ion-clearing and to
reduce transverse coupled-bunch instabilities. It is foreseen
that a gap will also be required for Diamond-II. In addition
to this, the current ring is operated a couple of weeks per
year in a hybrid mode (686 bunches) for timing users with
∗

teresia.olsson@diamond.ac.uk
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a longer gap including a 3 nC camshaft bunch. A similar
mode to serve timing users will likely also be required for
Diamond-II. So far the only requirement set for the hybrid
mode is a maximum bunch length of 100 ps FWHM for the
camshaft bunch. Gaps in the fill pattern give rise to transient
beam loading in the RF cavities, which affect the effectiveness of a harmonic cavity [2]. It is therefore necessary to
study the consequences of different fill patterns to determine
the requirements for a harmonic cavity for Diamond-II. This
paper presents multiparticle tracking simulations to predict
the effects on stability and lifetime for various cavity parameters. The simulations were performed with the code
mbtrack [3] that recently has been updated to be able to
simulate arbitrary fill patterns [4]. So far, only fill patterns
similar to those operated in the current ring have been considered for Diamond-II, i.e. a standard mode consisting of
900 bunches (out of 934) and a hybrid mode consisting of
685 bunches and a 3 nC camshaft bunch placed in the middle
of the gap.

LATTICE AND CAVITY PARAMETERS
The Diamond-II lattice parameters of importance for the
harmonic cavity simulations are shown in Table 1. The case
including insertion devices (IDs) is an estimation based on
preliminary parameters for fully closed IDs. For both cases,
the RF voltage has been adjusted to provide 3.5% RF acceptance.
Table 1: Lattice Parameters for Diamond-II
Bare
Energy [GeV]
Circumference [m]
Harmonic number
Beam current [mA]
RF voltage [MV]
Energy loss/turn [keV]
Energy spread [%]
Momentum compaction
Long. damping time [ms]

Incl. IDs
3.5
560.574
934
300

1.66
670.3
0.078
1.17 · 10−4
12.01

2.69
1526.0
0.103
1.16 · 10−4
4.67

For comparisons, different sets of harmonic cavity parameters as displayed in Table 2 were used in the simulations.
The parameters for the normal conducting cases are given by
the flat potential conditions (i.e. zero first and second derivative of the voltage at the synchronous phase) [5] at 300 mA
current, whereas the parameters for the superconducting case
are based on the Super-3HC (SLS and Elettra design) [6]
cavity detuned to zero the first derivative of the voltage at
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EXPLORATORY LATTICE DESIGN STUDIES FOR DIAMOND-II
B. Singh, J. Bengtsson, H. Ghasem, I. Martin and R. Bartolini
Diamond Light Source, Oxfordshire, UK
Abstract
We pursue Robust Design of a ring-based Synchrotron
Light Source as a system. In particular, the design philosophy is based on:
 To control the Nonlinear Dynamics: control the Linear
Optics.
In particular, by:
 Optimal control of natural chromaticity.
 “-I Transformer” between chromatic sextupoles for
unit cell.
 Higher-Order-Achromat for super period.
In addition, by pushing the Requirements for Robust &
Efficient Injection “upstream”, i.e., by considering on-axis
injection, and by utilizing reverse bends (to not limited by
theoretical minimum emittance cell), either:
 the natural emittance can be reduced further,
 or the Touschek lifetime can be improved.
Bottom line, a Design Choice.

 Optimized the relative bend angles, and gradient profile for the symmetric longitudinal gradient bends (adjacent to the mid-straight).
 Improved the decoupling of linear chromatic control,
see Fig. 2; to the level of ESRF-EBS [2].
 Symmetrized the phase advance for the Higher-OrderAchromat for the long vs. standard straights.
 Reduced the horizontal chromatic tune footprint, by
;
improving local control of the driving term ℎ
which drives 𝜕 𝛽 , see Fig. 3.
Nota Bene: this is work in progress; i.e., the linear optics
in the straights needs to be fine-tuned.

INTRODUCTION
The main parameters for the baseline lattice [1] are summarized in Table 1. It is based on the ESRF-EBS style -I
Transformer [2], with the center dipole replaced by a dispersive mid-straight; and a Higher Order Achromat over
two super periods with the cell tune 𝜈̅
19⁄8 , 14⁄16 .

Figure 1: Linear optics functions for 97 pm·rad lattice.

Table 1: Main Parameters for Baseline and Exploratory
Lattices
Parameter
Energy [GeV]
Circumference [m]
Tune (Qx/y)
Emittance [pm·rad]
Energy spread
Momentum compaction
Natural chromaticity
h/v
Energy loss/turn
[MeV]
Damping times τx/y/z
[msec]

Baseline
3.5
560.7
57.16/20.24
157
7.7.10-4
1.17.10-4

Exploratory
3.5
560.7
64.28/18.42
97
1.1.10-3
0.5.10-4

-76/-90

-109/-97

0.67

0.93

14.2/19.5/12.0

7.2/14.1/13.6

CONTROL OF LINEAR OPTICS
To improve the control of the Linear Optics, i.e. the
Quadratic Hamiltonian 𝐻 , we have [3,4]:
 Introduced reverse bends [5-7] to not limited by the
“Theoretical” minimum emittance cell, see Fig. 1.
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

Figure 2: Improved separation for linear chromatic control
for 97 pm·rad lattice.

BEAM DYNAMICS BENCHMARK
Our beam dynamics benchmark comprises of:
 Tune footprint, see Figs. 4-6.
 On and off-momentum DA for the bare lattice, see Fig.
7.
 On and off-momentum DA for the real lattice (i.e.,
with mechanical mis-alignments, magnetic field errors, control of closed orbit, and beta-beat), see
Figs. 8-10.
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ALTERNATIVE LATTICE DESIGN FOR DIAMOND-II
M. Korostelev1,2 , B. Singh2
1 Oxford University, Physics Department, Oxford, UK
2 Diamond Light Source Ltd (DLS), Didcot, UK
M-6BA cell
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Plans for upgrade of the Diamond Light Source aim to
reduce beam emittance by a factor of 20 or better. This
is motivated by demand for photon flux with significantly
high brightness and transverse coherence. The baseline
lattice design for the Diamond-II upgrade has been recently
proposed, however alternative design are under investigation
to reduce the emittance even further. This paper presents
a new lattice design based on implementation of bending
magnets with transverse field gradient only.
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Figure 1: Optics functions in the super-period.

INTRODUCTION
The brightness and coherent fraction of the photon beams
for Diamond-II Synchrotron Light Source upgrade will
be significantly increased, compared to the existing Diamond light source due to the reduction in electron emittance. The concept of a so-called Modified Hybrid-MultiBend-Achromat (M-HMBA) cell design was proposed for
the Diamond-II lattice. This cell is based on the H7BA lattice designed for the ESRF-EBS upgrade [1] from which
the central dipole has been removed. The baseline M-H6BA
lattice design for the Diamond-II has been reported in the
CDR [2] and features bending dipoles with longitudinal field
gradient and introduces an additional 24 new mid-straight
section that can be used for short in vacuum insertion devices. It has been recently proposed to operate Diamond-II
at 3.5 GeV instead of 3 GeV. The M-H6BA lattice delivers a
natural emittance of 160 pm at 3.5 GeV, 17 times lower than
that of the existing machine (2700 pm), comparing the bare
lattices.
In order to decrease further the emittance, alternative lattice designs for Diamond-II are under investigation. We
developed a new ultra-low emittance lattice (named ‘M6BA’) based on Modified Six-Bend-Achromat (M-6BA) cell
with dispersion free mid-straight section (inside the cell),
implementing bending magnets with transverse field gradient only. The M-6BA lattice provides a natural emittance of
115 pm at 3.5 GeV, 23 times lower than the existing machine
(compared to bare lattices). The M-6BA lattice design meets
the engineering requirements for arrangement of the storage
ring in the existing tunnel, and also meets other engineering
constraints specified for the Diamond-II upgrade.

LATTICE DESIGN
The M-6BA lattice has been designed with 24 M-6BA
cells in a circumference of 561 m and maintains the 6-fold
symmetry of Diamond with a long straight section (LS)
every four cells. One LS section is equipped with a septum
and kicker magnets for injection, one LS with RF cavities,
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities
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Figure 2: Half of the M-6BA cell.

the other four LS contains IDs. Figure 1 shows the optics
functions in one super-period. Each M-6BA cell is composed
from two identical Triplet Bend Achromats (TBA) connected
by a dispersion-free mid-straight section (MS) 2.9 m of long
(quad-to-quad) with a doublet of quadrupoles on both ends.
In order to provide a good flexibility in tuning for optics
and phase advance over the straights, triplets are used in
the standard straight section (SS) and LS section. Figure 2
shows the TBA structure which is mirror symmetric with
respect to the central dipole DQ. Each TBA includes three
chromatic sextupole families (SF, SD and SD1) to control
1st and 2nd order chromaticities. One family of octupoles is
used to control mainly the dQ x /dAx amplitude dependent
tune shift. Harmonic sextupoles are not used in the lattice.
Table 1 summarizes the main lattice parameters.
Optimization of non-linear optics is always the challenge
for ultra-low emittance lattices due to strong non-linearities
introduced by the sextupoles. −I transformers between sextupole pairs in each M-6BA cell are implemented to provide
cancellation of the 1st order geometric terms of sextupoles
which drive 3rd order resonances. Further attempts were
made to minimize the 2nd order geometric terms over two
super-periods. The on-momentum dynamic aperture (top
plot) and off-momentum dynamic aperture for momentum
deviation of ±2% (middle plot) and ±3% (bottom plot) have
been calculated from particle tracking using the Elegant
code [3], as shown in Fig. 3.
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IMPEDANCE OF THE FLANGE JOINTS WITH THE RF CONTACT
SPRING IN NSLS-II*
A. Blednykh†, B. Bacha, G. Bassi, C. Hetzel, B. Kosciuk, V. Smaluk, T. Shaftan, G. Wang
BNL, NSLS-II, Upton, NY, USA
Abstract
Since the beginning of the NSLS-II commissioning,
temperature of the vacuum components has been monitored by the Resistance Temperature Detectors located predominantly outside of the vacuum enclosure and attached
to the chamber body. Mapping the temperature is helpful
to control overheating of the vacuum components around
the ring especially during the current ramp-up. The average
current of 475mA has been achieved with two main
500MHz RF cavities and w/o harmonic cavities. Effect of
the RF shielded flanges on local heat and on the longitudinal beam dynamics is discussed in details.

INTRODUCTION
The unperturbed energy spread 𝜎 at low single bunch
current 𝐼 in the NSLS-II storage ring can be varied by
closing and opening the magnet gaps of three 7m damping
wigglers installed in Cell 08, 18, 28 [1]. The Bare Lattice
(BL) corresponds to all IDs magnet gaps open. The predicted energy spread at 𝑉 = 3.4𝑀𝑉, determined by the
Bending Magnet (BM), is 𝜎 = 0.5 10 . The expected
increase of the energy spread by closing one Damping
Wiggler (1DW) and three Damping Wigglers (3DWs), is
𝜎 = 0.71 10
and 𝜎 = 0.87 10
respectively.
The main storage ring parameters to estimate the collective
effects are given in Table 1, where the RF voltage is induced by two superconducting 500MHz CESR-B RF cavities installed back-to-back in Cell 24 with a capability to
deliver a maximum total RF voltage of 𝑉 = 3.8𝑀𝑉 with
the present RF power couplers design. A second RF
straight section is reserved for two more RF cavities.
Table 1: NSLS-II Parameters for the Collective Effects
Characterization
Energy
3
𝐸 𝐺𝑒𝑉
Revolution pe2.6
𝑇 𝜇𝑠
riod
Momentum
3.7 x 10-4
𝛼
compaction
RF voltage
3.4
𝑉 𝑀𝑉
Synchrotron
tune
Energy loss
Damping time
Energy spread
Horizontal
Emittance
Bunch length
(at low current)

9.2 x 10-3

𝜈
BL
287
𝑈 𝑘𝑒𝑉
𝜏 , 𝜏 𝑚𝑠 54, 27
0.05
𝜎 %
2.1
𝜀 𝑛𝑚
𝜎 𝑚𝑚

2.5

1DW
400
40, 20

3DW
674
23,11.5

0.071
1.4

0.087
0.9

3.5

4.3

MC2: Photon Sources and Electron Accelerators
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LOCAL OVERHEATING
The RF contact spring (Fig. 1) has been designed for installation in the area between two flange joints to eliminate
the large cavity effect generating wakefield/impedances.
To stay securely, the RF contact spring is placed in one of
the flanges with trapezoidal groove. Due to the RF spring
installation procedure and a bit larger gaps between two
groups of flanges, the local overheating appeared at different locations of the NSLS-II storage ring, predominately in
the straight sections. The local overheating has been measured by the thermal Infrared (IR) camera (Fig. 2) and the
Resistance Temperature Detector (RTD) sensors (Fig. 3),
installed on the surface of the flange joints.

Figure 1: The RF contact spring placed between flanges.

Figure 2: Thermal image of the attached bellows to the
flange of the vacuum chamber made by the FLIR AX8 infrared camera, where the local overheating appeared.
The gap being closed by the RF spring varies at different
locations around the storage ring. Where the gap 𝑔 is at its
maximum (𝑔 1.2𝑚𝑚), proper installation of the RF
spring is critical to ensure good contact between adjoining
vacuum flanges. There are multiple flange joints in the
straight sections that have this geometry which explains the
high concentration of hot flanges in this area. Figure 4
shows an example of a spring which has not been installed
correctly. The difference in the height of the spring on either side of the beam aperture becomes clear when a
straight edge is placed across the opening. Figure 5 shows
the imprint of the spring contact on the adjoining flange
when the RF spring is not installed correctly. This flange
joint was one of the locations getting hot during operations
TUPGW082
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MULTI-PASS ERL IN A ‘DOGBONE’ TOPOLOGY*
S.A. Bogacz†, Jefferson Lab, Newport News, VA, USA
Abstract
The main thrust of a multi-pass Recirculating Linear
Accelerator (RLA) is its very efficient usage of expensive
linac structures. That efficiency can be further enhanced
by configuring an RLA in a ‘dogbone’ topology, which
‘boosts’ the RF efficiency by factor close to two (compare
to a corresponding racetrack). However, the ‘dogbone’
configuration requires the beam to traverse the linac in
both directions, while being accelerated. This can be
facilitated by a special ‘bisected’ linac optics, where the
quadrupole gradients scale up with momentum to
maintain periodic FODO structure for the lowest energy
pass in the first half of the linac and then the quadrupole
strengths are mirror reflected in the second linac half. The
virtue of this optics is the appearance of distinct nodes in
the beta beat-wave at the ends of each pass (where the
droplet arcs begin), which limits the growth of initial
betas at the beginning of each subsequent droplet arc.
Furthermore, ‘bisected’ linac optics naturally supports
energy recovery in the ’dogbone’ topology. Here, we
present a-proof-of-principle lattice design of a multi-pass
energy recovery linac (ERL) in a ‘dogbone’ topology.

A dog-bone-shaped RLA was first considered for rapid
acceleration of fast decaying muons, as part of Neutrino
Factory design [2]. Here, we propose a multi-pass
electron ERL consisting of a single superconducting linac
configured with elliptical twin axis cavities [3], capable of
accelerating (or decelerating) beams in two separate beam
pipes (see Figure 1a). Such cavity, features opposite
direction longitudinal electric fields in the two halves of
the cavity, as illustrated schematically in Figure 1b.

‘DOGBONE’ ERL − OVERVIEW

Energy Recovery Linacs (ERLs) accelerate electron
bunches of linac quality, and then recover beam energy
by deceleration through the same linac, before dumping
the bunches at low (injection) energy. Energy recovery
has the benefits of supporting high beam energy and
power, while maintaining high beam quality, including
small beam sizes as delivered by linacs; minimizing
activation by dumping low-energy (and thus low-power)
beam; and ensuring power-efficient accelerator operation,
e.g. for collider applications [1].

Arc 4

Arc 2

Figure 1: Elliptical twin axis cavity: a) Single cell
Niobium cavity; b) Configuration of electric fields with
opposing directions in two halves of a multi-cell cavity.

Arc 1

Arc 3

Figure 2: Multi-pass ‘Dogbone’ ERL – Schematic view of the accelerator layout; featuring a single SRF linac based on
elliptical twin axis cavities, four return ‘droplet’ arcs and a pair of injection/extraction chicanes.
As illustrated in Figure 2, the beam is injected via a
fixed field chicane at the middle of the linac to minimize
the effect of phase slippage for the lowest energy beam
accelerated in the linac, which is phased for the speed-oflight particle. At the linac ends the beams need to be
directed into the appropriate energy-dependent (pass-

dependent) ‘droplet’ arc for further recirculation [4] (a
pair of droplet arcs at each end of the linac). Reusing the
same linac for multiple (3.5) beam passes provides for a
more compact and efficient accelerator design and leads
to significant cost savings [5]. Furthermore, this scheme
is well suited to operate in the energy recovery mode.
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A HARD X-RAY COMPACT COMPTON SOURCE AT CBETA
K. E. Deitrick∗ , C. Franck, G. H. Hofstaetter, V. O. Kostroun, K. W. Smolenski
Cornell University (CLASSE), Ithaca, New York, USA
J. Crone, H. L. Owen, Cockcroft Institute & University of Manchester, Warrington, UK
B. D. Muratori, Cockcroft Institute & ASTeC, STFC Daresbury Laboratory, Warrington, UK

Abstract

Compton backscattering at energy recovery linacs (ERLs)
promises high Ćux, high energy x-ray sources in the future,
made possible by high quality, high repetition rate electron
beams produced by ERLs. CBETA, the Cornell-BNL ERL
Test Accelerator currently being built and commissioned at
Cornell, is an SRF multi-turn ERL using Non-Scaling Fixed
Field Alternating-gradient (NS-FFA) arcs. CBETA has high
quality design parameters with an anticipated top energy
of 150 MeV on the fourth pass. The expected parameters
of a Compton source at CBETA include a top x-ray energy
of over 400 keV with a Ćux on the order of 1012 ph/s. In
this paper, we present anticipated parameters and potential
applications in science and engineering for this source.

INVERSE COMPTON SCATTERING

Compton scattering is the process of scattering a photon
of an electron at rest; in the case of inverse Compton scattering (ICS), the electron loses energy to the incident photons.
In the Thomson regime, i.e., where the energy of the photons
in the electron beam frame is much less than the rest mass
of the electron, electron recoil is negligible, and the energy
of the scattered photon in the lab frame is given by
1 − β cos Φ
Eγ (Φ, θ) ≈ Elaser
1 − β cos θ

(1)

where Elaser is the laser energy, β is the relativistic factor
vz /c, Φ is the angle between the electron and laser beams at
the interaction point (IP), and θ is the angle of the scattered
photons with respect to the direction of the electron beam, all
measured in the lab frame. For a head-on collision between
a forward moving electron beam and an incident laser beam
(Φ = π), the photons scattered in the forward direction have
the highest energy, which is γ 2 (1 + β2 )Elaser ≈ 4γ 2 Elaser ,
where γ is the typical relativistic factor. This energy is the
Compton edge of the radiation energy range.
The total number of scattered photons, Nγ , is given by
Nγ = σT

Ne Nlaser


2
2π σe2 + σlaser

(2)

where σT is the Thomson cross section of 6.65 × 10−29 m2 ,
Ne is the number of electrons in the bunch, Nlaser is the number of photons in the incident laser pulse, and σe and σlaser
are the rms sizes of the electron and laser beams, respectively, assuming both are round Gaussian distributions. In
∗
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Table 1: Parameters for Electron Beam at Collision Point for
Each Pass Energy
Parameter
Energy
Repetition rate
Bunch charge
β∗
Normalized transverse
rms emittances
Bunch length (rms)

Quantity

Units

42, 78, 114, 150
1.3
32
1

MeV
GHz
pC
cm

0.3
1.3

mm-mrad
mm

the regime where the laser spot size is suiciently larger than
the electron beam spot size at the IP, the rms size of the scattered photons, σγ , is the same as the electron spot size. For
high-frequency repetitive sources, the total Ćux is F = f Nγ ,
where f is the repetition rate. In the Thomson backscatter
limit, the number of scattered photons in a 0.1% bandwidth at
the Compton edge is given by N0.1% = 1.5×10−3 Nγ , leading
to the Ćux in a 0.1% bandwidth given by F0.1% = f N0.1% .
For a non-difraction limited beam, the brilliance of the
scattered photons in a 0.1% bandwidth is given by
B≈

γ 2 F0.1%
N
N
4π 2 ϵx,rms
ϵy,rms

(3)

N
N
where ϵx,rms
and ϵy,rms
are the normalized transverse rms
emittances of the electron beam at the IP. This assumes that
the laser spot is larger than the electron beam. In this approximation, the angular spread and size of the scattered photons
match the angular spread and size of the electron beam at
the IP. Maximizing the x-ray Ćux is done by maximizing
the number of electrons and photons at the collision and
minimizing both spot sizes - assuming a Ąxed repetition rate.
Maximizing the brilliance at a given electron beam energy
is done by maximizing the Ćux into a 0.1% bandwidth and
minimizing the normalized transverse emittances [1].

ICS AT CBETA
CBETA, the Cornell-BNL (Brookhaven National Lab)
ERL Test Accelerator, is an SRF multi-turn ERL using NonScaling Fixed Field Alternating-gradient (NS-FFA) arcs,
seen in Fig. 1 [2]. This machine is currently being built and
commissioned at Cornell. The FFA arcs are made of permanent Halbach magnets and have an energy acceptance from
42 to 150 MeV. The electron beam is injected at 6 MeV,
before accelerating up to 150 MeV in 4 passes; the intermediate energies of 42, 78, and 114 MeV occur after the
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ENERGY AND RF CAVITY PHASE SYMMETRY ENFORCEMENT IN
MULTI-TURN ERL MODELS
R. Koscica, N. Banerjee, C. Gulliford, G. H. Hoﬀstaetter, W. Lou
Cornell University (CLASSE), Ithaca, New York

Abstract

In a multi-pass Energy Recovery Linac (ERL), each cavity
must regain all energy expended from beam acceleration during beam deceleration, and the beam should achieve speciﬁc
energy targets during each loop that returns it to the linac.
For full energy recovery, and for every returning beam to
meet loop energy requirements, we must optimize the phase
and voltage of cavity ﬁelds in addition to selecting adequate
ﬂight times. If we impose symmetry in time and energy
during acceleration and deceleration, fewer parameters are
needed, simplifying the optimization. As an example, we
present symmetric models of the Cornell BNL ERL Test
Accelerator (CBETA) with solutions that satisfy the optimization targets of loop energy and zero cavity loading.

INTRODUCTION

An Energy Recovery Linac (ERL) can create linac-quality
beams of high power and current that are useful as synchrotron sources or for other experiments [1]. In an ERL,
beams are accelerated and decelerated through the same set
of cavities. These cavities reclaim energy from decelerating particle bunches to reduce the net power consumption
of ERL operation [2]. In this study, we consider two ERL
objectives: minimizing the power load on each cavity, and
achieving the design target for the maximum beam energy.
One could determine ERL settings by approximating the
beam as ultra-relativistic (v = c) throughout the ERL. In this
case, energy will be fully recovered if cavities are all set at
identical phases relative to beam entrance. The return loop
carrying beams in the process of accelerating or decelerating
would be an integer number of wavelengths long, with length
aλ for an arbitrary integer a. The loop with the highest
energy would require a half-wavelength oﬀset, with length
(a + 0.5)λRF , to switch from acceleration to deceleration [2].
However, ultra-relativistic settings will not provide suﬃcient
energy recovery for all beam energies within an ERL. Lowenergy beams will experience RF phases slipped away from
maximal energy gain, and synchrotron radiation in the return
loops can cause additional oﬀsets in beam ﬂight times.
Phase, voltage, and return loop length settings that minimize cavity load and achieve beam energy targets can be
determined by optimization. We present a method of enforcing symmetric beam energy proﬁles during acceleration and
deceleration. This symmetry leads to a compact optimization system, which we test in models of the Cornell BNL
ERL Test Accelerator (CBETA) (Fig. 1).
If CBETA settings use the v = c approximation, each
cavity experiences a power load up to 46 kW per 40 mA
beam (1.15 MeV per electron) when modeled in an ERL
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Figure 1: CBETA layout [3]. CBETA has 4 physically distinct return loops and a linac that holds 6 evenly spaced RF
cavities. A 6 MeV injected electron beam accelerates to
150 MeV over 4 linac passes, and the beam returns to 6 MeV
after 4 more decelerating passes. The energy of the 150 MeV
beam is critical, as it intended for use in experiments.

tracking script with thin lens cavities. If loop lengths alone
are numerically optimized, each cavity has power load up to
2 kW per beam (50 keV). In practice, each CBETA cavity
runs on a maximum of 5 kW power, of which only 2 kW
are available for beam acceleration [3]. The v = c solution
is unfeasible, and the loop-only solution is risky. We turn
to symmetry optimization in search of solutions with more
reasonable power load.

OPTIMIZATION SYSTEM
Consider a M
2 -turn ERL with N cavities and M linac
passes. Individual passes and cavities use indices m and n,
such that 1 ≤ m ≤ M and 1 ≤ n ≤ N. The mth return loop
is between the mth and (m + 1)th linac passes.
In an ERL without shared return loops, the degrees of
freedom include: (M − 1) independent loop lengths, N cavity phases, and N cavity voltages. The objectives include
minimization of N cavity loads, where load is deﬁned as the
net beam energy gain within a single cavity over the full ERL
run. In addition, (M − 1) beam energies during return loops
must meet design targets to ensure proper beam control.
There are a total of (2N + M − 1) degrees of freedom,
which can be varied to satisfy (N + M − 1) objectives. In
CBETA, there are only M
2 = 4 shared return loops; this
gives 16 degrees of freedom and 13 objectives.

Symmetric ERL
ERL symmetry occurs when the decelerating beam encounters an exactly reversed sequence of energy steps and
electric ﬁeld proﬁles as it initially experienced during acceleration. To create symmetry, we make the phase and voltage
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REMOVAL AND INSTALLATION PLANNING FOR THE ADVANCED
LIGHT SOURCE - UPGRADE PROJECT ∗
D. Leitner† , A.J. Lodge, D.F. Fuller, P. Casey, K. Chow,
M. Leitner, M. Lopez, J. Niu, P. Novak, C. Steier, S. Virostek, W. Waldron
Lawrence Berkeley National Laboratory, 94708 Berkeley, California, U.S.A
Abstract
The ALS-U project is a proposed upgrade to the Advanced
Light Source (ALS) at Berkeley Lab that aims to deliver
diffraction limited performance and an increase of the beam
brightness by two orders of magnitude for soft x-rays compared to the current ALS facility. The storage ring design
utilizes a nine-bend achromat lattice, with reverse bending
magnets and on-axis swap-out injection from an accumulator ring. This paper will describe the preliminary plans
for the installation of a new accumulator ring (AR) in the
existing tunnel, and for the removal and replacement of the
existing storage ring (SR). The AR will be installed during
regular maintenance shutdowns while the ALS continues to
operate. The current ALS will be shutdown for a nominal
twelve month darktime period, consisting of 9 months of SR
removal and installation activities, followed by three months
of commissioning.

INTRODUCTION
Since the ALS was commissioned in 1993 it has developed into a premier user facility for soft X-rays. Currently,
there are 43 beamlines providing more than 2,100 users
each year with light capabilities extending from infrared to
harder X-rays. The proposed ALS-U project will provide
a soft X-ray source that is up to 1,000 times brighter than
today’s capabilities, whilst generating a significantly higher
fraction of coherent light in the soft x-ray region than is
currently available at the ALS [1]. In September 2018, the
project’s conceptual design was approved by the Department
of Energy (CD-1), which authorized the start of the detailed
engineering and design work.
In order to achieve the new target brightness for the xray source, the storage ring lattice was optimized to reach a
stored beam emittance of 70 pm rad, thereby requiring the addition of an accumulator ring to the accelerator complex [1].
The accumulator ring accepts beam from the existing ALS
booster utilizing a standard off-axis injection technique. The
accumulator acts as a damping ring and is designed to deliver a similar emittance as the current ALS storage ring of
2nm rad. Its extracted low emittance beam is then injected
on axis into the new multibend achromat storage ring. Figure 1 shows a 3D-CAD model rendering of the proposed
ALS-U accelerator complex. In parallel to the accelerator
construction the optical beamlines will be reconfigured as
∗
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needed, to match to the new source points of the storage ring.
Additionally, two new beamlines will be installed to take
full advantage of the upgraded light capabilities. Following
commissioning, and during early operations, the project will
bring existing and new scientific beamlines back online in a
staged approach.
During operation the upgraded ALS storage ring will contain 10 bunch trains while the accumulator ring will contain
one bunch train. A fresh accumulator bunch train will be
periodically swapped-out with a bunch train of the storage
ring to maintain its nominal 500mA stored beam. The accumulator ring continues to accumulate fresh charge from the
booster ring until the next swap-out injection. This operation
mode requires a complex transfer line/beam injection area to
transfer the beam from the booster to the accumulator ring,
from the accumulator ring into the storage ring and from
the storage ring into the accumulator ring. The transfer line
area requires careful physics and engineering optimization,
to enable installation whilst providing access for subsequent
maintenance activities in this heavily congested area.
Limiting the scientific down time of the ALS user program
is an important objective for the ALS Upgrade project and
a driver for the engineering design and installation strategy.
The planning of the installation process is aimed to minimize
the time required to install and align the equipment in the
tunnel by maximizing the amount of integration work that
can be done outside the tunnel. This paper focuses on the
current plans for the installation of the new accumulator
ring, removal of the existing accelerator components and
their auxiliary systems, and site preparation. We only briefly
describe the conceptual installation plans of the new storage
ring.

ALS-U REMOVAL AND INSTALLATION
OVERVIEW
The removal and installation effort will be conducted in
three phases:
1. Upgrades to end-of-life ALS utilities as part of ongoing facility improvements starting in 2019, ensuring
compatibility with the site preparations necessary for
the AR installation.
2. The installation of the accumulator ring prior to darktime, which will be executed over several years starting
in 2020, and continue until darktime. Preliminary commissioning of the AR will be completed before the
darktime.
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TUNABLE BUNCH TRAIN GENERATION USING EMITTANCE EXCHANGE BEAMLINE WITH TRANSVERSE WIGGLER
Gwanghui Ha, Manoel Conde, Jiahang Shao, John Power, Eric Wisniewski,
Argonne National Laboratory, Lemont, USA

Abstract

The emittance exchange (EEX) beamline provides a correlation between the upstream transverse momentum and
downstream longitudinal position. This property can be
used to convert a transverse momentum modulation on the
bunch upstream of EEX into a temporal modulation on the
bunch after the beamline. This method is similar to using a
chicane to convert an upstream energy modulation into a
bunch train after. The transverse momentum modulation is
given to the bunch with an alternating magnet array (i.e. a
wiggler rotated by 90 degrees). The EEX method can be
used to control both the microbunch length and the spacing
between the microbunches. This enables independent control of the radiation frequency and its bandwidth. Progress
on this new method and plans to demonstrate it at Argonne
Wakefield Accelerator (AWA) facility are presented.

BUNCH TRAIN FROM TRANSVERSE
MODULATION

One of the best known methods of generating a bunch
train is done with a chicane. The energy modulation on a
bunch upstream of the chicane is converted, via the R56 of
a chicane, into a density modulation on the downstream
bunch [1,2]. The energy modulation introduces multiple
negative longitudinal chirps along the bunch and it becomes compressed micro-bunches via the chicane. Although this method is a good way of generating a high quality bunch train, it cannot control the bunch train properties
independently: micro-bunch length and bunch separation.
The upstream beam’s macro longitudinal chirp and energy
modulation amplitude determine the micro-bunch length.
The control of these parameters requires major change on
the beamline such as linac phase control, wiggler gap control etc. The R56 of the chicane and the macro longitudinal
chirp determine the bunch separation. The R56 of the chicane is not easy to change since it requires a change of the
bending angle.
In this paper, we introduce an alternative bunch train
generation that is potentially simpler and more flexible.
The method uses a transverse wiggler and an emittance exchange (EEX) beamline to replace the energy modulator
and the chicane, respectively. In the first step, a transverse
wiggler imparts a sinusoidal modulation of the beam’s
transverse angle (x') and a short drift converts it into a density modulation (x) of the transverse space (see Fig. 1). In
the second step, an EEX beamline transforms this transverse density modulation into a longitudinal density modulation (or current distribution) [3,4].
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Figure 1: Conceptual drawing of the angle modulation. A
transverse wiggler imparts a sinusoidal modulation of the
transverse angle (x') and a subsequent short drift converts
this into a transverse density modulation (x). Modulation
conversion to the longitudinal density modulation is done
by an EEX beamline followed by the transverse wiggler.
Quadrupole magnets are usually required to make the
bunch pass through the wiggler and control the macroslope of transverse phase space.
Let us assume that the transverse angle modulation imparted by the transverse wiggler can be expressed as,
Δ𝑥

𝐴 sin

𝑥,

(1)

where A is the modulation amplitude determined by the
transverse wiggler and 𝜆 is the wiggler period. Then, the
final current profile after the EEX beamline can be expressed as,
1

∑

𝑏 cos

𝑧,

(2)

where 𝜅 is the kick strength of the deflecting cavity in the
EEX beamline and 𝜉 is R56 of the dogleg in the EEX
beamline. 𝑏 is the bunching factor and can be written as,
𝑏
where B is

2𝐽

𝐴𝐵 exp

𝜎 𝐵

, (3)

𝐿, and 𝐿 is traveling distance term of the

EEX beamline. The result above is in the same analogy for
Ref. [1].
Since Eq. (2) started from a uniform horizontal profile,
the final current profile without modulation (A=0) becomes
a uniform profile. However, a non-zero A starts to introduce a density modulation as shown in Fig. 2. When
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EXPERIMENTAL TESTS OF THE AUTOMATED APS-U
COMMISSIONING ALGORITHM AT APS∗
V. Sajaev† , Argonne National Laboratory, Lemont, IL, USA
Abstract
APS Upgrade (APS-U) will feature hybrid seven-bend
achromat lattice [1] with very strong focusing elements, reverse bends [2,3] and relatively small vacuum chamber aperture. Achieving design lattice parameters during commissioning will need to be accomplished quickly in order to
minimize dark time for APS users. This paper describes
the automated start-to-end lattice commissioning algorithm
starting with first-turn trajectory correction and ending with
lattice correction. It will then present the results of experimental tests of the commissioning at the existing APS.

INTRODUCTION
The Advanced Photon Source [4] is a 7-GeV, 100-mA,
40-sector third-generation storage ring light source with a
1104-m circumference, providing beams to dozens of insertion device (ID) and bending magnet (BM) beamlines
simultaneously. After more than 20 years of operation, a
major upgrade of the lattice is in progress. APS has a large
user community who insist that facility “dark time” during
the upgrade is minimized. APS is targeting 12 months for
removal of old magnets, installation of new ones, and commissioning. Of this period, only three months are set aside
for commissioning of the new multi-bend achromat ring.
The 41-pm emittance in the new lattice [5] is achieved
in part by using much stronger focusing than in the present
APS ring. Stronger focusing inevitably leads to larger natural chromaticity and stronger sextupoles, resulting in rather
small dynamic aperture and short lifetime even for the ideal
lattice. Misalignments of the strong quadrupoles generate
large orbit errors, which in the presence of very strong sextupoles leads to huge lattice and coupling errors. Another
difficulty originates in the smaller vacuum chamber apertures that are required to achieve high gradients. In addition,
small-gap insertion device chambers will be installed prior
to commissioning, in order to facilitate moving directly into
operation once commissioning is completed. These many
factors suggest that the commissioning will be very challenging. Automation is seen as a key to fast and successful
commissioning.

AUTOMATED COMMISSIONING
The automated commissioning procedure was created and
used to simulate commissioning [6, 7] of 200 machines with
errors. The simulations showed that the automated commissioning procedure succeeds in about 95% of cases, with
∗
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the remaining 5% requiring some human intervention. Before starting the commissioning, the betatron tunes (design
values are νx =95.10 and νy =36.10) are moved away from
integer and coupling resonances to νx =95.17 and νy =36.23.
In addition, all sextupoles are set to zero, because the simulations showed that the commissioning would be much harder
with the sextupoles turned on. The procedure consists of the
following major steps:
• Trajectory correction of the injected beam based on
beam trajectory in the first sector.
• Trajectory threading to achieve first-turn transmission.
Due to weak correctors in APS-U, multi-corrector
threading – when several correctors are used to correct trajectory at one location – is used. When the
beam transmission reaches half the ring, the injected
energy is measured as average horizontal position on
all BPMs and corrected. The incoming beam trajectory
correction is performed again and threading is restarted
from the beginning.
• The trajectory at the end of the first turn is made equal
to the trajectory of the injected beam in an attempt to
create closed-orbit conditions, giving ∼5 turns.
• Global trajectory correction utilizing the ideal trajectory response matrix, giving ∼20 turns.
• Closed orbit correction utilizing the ideal orbit response
matrix. The beam is not captured yet at this stage, so
there is no real closed orbit. The orbit is obtained by averaging the first 20 turns of the multi-turn trajectory on
every BPM. Adjustment of rf parameters is performed
every few orbit correction iterations by analyzing turnby-turn beam energy error, which is calculated as the
average horizontal position on all BPMs over one turn.
In addition, betatron tunes are derived from the measured trajectory response and adjusted to keep the tunes
away from integer resonances.
• Slow sextupole ramp is performed in parallel with the
orbit correction. According to simulations, after sextupoles are ramped to their design values, the beam
should be captured with reasonable lifetime.
• BPM offset measurement is performed, and orbit is
corrected.
• Lattice and coupling are corrected using the response
matrix fit [8].
The procedure uses multi-particle tracking in elegant [9]
to obtain the simulated beam trajectories. An up-to-date,
detailed description of the commissioning procedure and
results of the commissioning simulations for APS-U can be
found in [7].
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LATTICE MEASUREMENTS OF THE APS INJECTOR RINGS ∗
V. Sajaev† , C.-Y. Yao, Argonne National Laboratory, Lemont, USA
Abstract
APS Upgrade [1] will feature an entirely new storage ring,
but will keep the existing injector complex consisting of
the linear accelerator, Particle Accumulator Ring (PAR),
and Booster. Due to the small dynamic aperture of the APS
Upgrade lattice, swap-out injection [2–4] is adopted in which
an entire old bunch is replaced with a new bunch. This
injection method requires the Booster to provide high-charge
bunches with up to 17 nC in a single bunch. Extensive work
is being carried out on characterizing the existing injector
rings to ensure future high-charge operation. In this paper,
we will present results of the lattice measurement using the
response matrix ﬁt [5]. We will show the analysis of the
achievable lattice measurement accuracy in the APS Booster
and describe ﬁt parameter modiﬁcations required to achieve
good accuracy for the PAR.

APS BOOSTER
APS Booster [6] consists of 40 FODO cells with two
dispersion-free sections for injection and extraction, has total
length of 368 m, can accelerate electrons from 325 MeV to
7 GeV, and has a natural emittance of 130 nm at 7 GeV.
Recently upgraded Beam Position Monitors (BPMs) [7]
provide orbit readings in 10 time regions along the energy
ramp cycle, with region 0 being right after injection and
region 9 being immediately before extraction.
Orbit Response Matrix (ORM) ﬁt was used to determine
beta functions of the APS booster. The booster has 40 correctors and 80 BPMs in each plane, all of which were used for
the ORM measurement. The ORM measurement program
applies a corrector change in one time region and records the
closed orbit in all regions. For each corrector, the program
measures orbit at positive corrector change, zero, and negative corrector change. The response is then determined by
ﬁtting a straight line through these three points. The ORM
was measured in four time regions: 0, 1, 3, and 8.
Looking at the rms of the measured ORM for all regions,
one can determine the noise of the ORM measurement. Figure 1 shows the rms of the ORM. The four plots are for HX,
HY, VX, and VY quadrants of the coupled response matrix,
where H/V stands for the corrector plane (excitation plane)
and X/Y stands for the BPM plane (response plane). For
each curve, only one region – the excitation region – should
have large rms, while the other regions should show the
ORM measurement noise. One can see that, as expected, the
noise is higher for the regions in the beginning of the ramp
cycle: for example, the noise for region 0 is about 40 μm
while it is below 10 μm for the ﬁnal regions of the ramp.
∗

†

Work supported by the U.S. Department of Energy, Oﬃce of Science, Oﬃce of Basic Energy Sciences, under Contract No. DE-AC0206CH11357.
sajaev@anl.gov

MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

Figure 1: Rms of the overall ORM split into 4 parts by
corrector and BPM plane. Every line corresponds to a single
RM measurement, for which only one region is supposed to
be non-zero; the rest is the measurement noise.
The ORM ﬁt provides a set of quadrupole gradient errors and quadrupole tilts that best ﬁt the measured ORM.
They can also be used to calculate beta functions. The accuracy of the beta function determined this way is deﬁned by
the ORM measurement accuracy and the ORM ﬁt accuracy.
One way to determine the accuracy is to measure the ORM
several times, process it, and then compare the resulting
beta functions. Since we did not have several measurements
under identical conditions, the following approach was used:
the measured ORM was split into two by selecting two different subsets of correctors (this results in three matrices
– full matrix and two half-matrices), and each matrix was
ﬁtted separately. The two half-matrix measurements are
completely independent while the full-matrix measurement
obviously overlaps with the other two measurements but still
provides somewhat diﬀerent data for the ﬁt.
The ideal beta functions of the booster are typical FODO
lattice beta functions varying between 2.5 and 16 m and
can be found in [6]. Figure 2 (left) shows the beta function
diﬀerence between the ideal lattice and the lattices resulting from the ORM ﬁt of three diﬀerent response matrices.
Time region 3 is shown, other regions are similar. Using the
results in Fig. 2, a standard deviation for every point along
s was calculated and then averaged over s. Figure 2 (right)
summarizes the standard deviation results for all measured
regions. This standard deviation can be considered the beta
function determination accuracy. However, since only three
points were used to calculate the standard deviation, the result could be underestimated. For a Gaussian distribution
sampled at three points, there is 20% chance of underesti-
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WORKING IMPEDANCE MODEL AND ITS EFFECT ON THE INTENSITY
LIMITATION OF PETRA-IV STORAGE RING
Y.-C. Chae†, DESY, Notkestrasse 85, 22607, Hamburg, Germany
Abstract
We made sufficient progress in modeling the impedance of the PETRA-IV storage ring. The result was applied to estimate the impedance-based single and multibunch intensity limit. Due to the extremely small emittance of the beam the intrabeam scattering (IBS) effects
will be significant unless they are reduced by bunch
lengthening. The 3rd harmonic cavity was proposed to
dilute the bunch density which resulted in the small synchrotron frequency with a large spread. Because of the
complexity introduced by impedance and harmonic cavity
we used broadband impedance up to 200 GHz to compute
the parameters such as bunch length and energy spread at
different currents. We found that the microwave instability started very early in current less than 0.5 mA. Even if
it is small, the prediction by tracking simulation was consistent with another diffraction-limited storage ring
(DLSR) when the Keil-Schnell criterion was used to predict one from the other. Then, we present the singlebunch current limit which had included the effect of geometric and resistive wall impedances of the NEG-coated
chamber. Finally, we present the emittance and lifetime
which can be realistically achieved in the ring with the
above collective effects included.

INTRODUCTION
The proposed PETRA IV project [1] requires the total
current of 200 mA (brightness mode) and the single bunch
current of 1 mA (timing mode) with the lifetime greater
than an hour. Because of extremely small emittance (< 20
pm), the intrabeam scattering (IBS) effects will be severe
which will increase the emittance. Also, the lifetime is
very short due to a small momentum acceptance of highly
nonlinear lattice with strong focusing magnets. So the
major effort of mitigating collective effects was to provide a long lifetime (>1.0 hr) and to store sufficient
charges (>1.0 mA) in a bunch when requested. We
achieved this objective by lengthening the bunch as well
as by increasing the chromaticity, which was verified by
tracking simulations using the full 3D impedance model.
Unless otherwise stated the results presented in this paper
were obtained in the RF potential formed by fundamental
(500 MHz) and higher-harmonic cavities (1500 MHz)
powered by the active system.

COLLECTIVE EFFECTS
Overview
In PETRA IV we expect the space-charge effects to be
small because of high energy (6 GeV) and effects due to
___________________________________________
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electron cloud are unlikely to be observed in an electron
storage ring. However, since ion instabilities were observed in the early days of PETRA III under a poor vacuum condition, we compared the stability condition between two rings. For the same stored current in uniform
fill pattern, we found that PETRA III has much more
prone to accumulating ions than PETRA IV and the ionrelated issue has been dealt successfully by maintaining a
good vacuum and by suppressing spurious beam motion
by the active feedback system. Hence, we do not expect
ions to be a critical issue in the storage ring of PETRA IV.
Achieving 200 mA is critically depends on the
knowledge of coupled bunch instability due to long-range
wake-field effect. The experience gained in PETRA III,
where 100 mA in various fill patterns has been delivered
to user operations, will be carried over to PETRA IV.
Specifically, we will replace the existing 7-cell cavities
with newly developed HOM-damped EU-cavities. The
preliminary computation reveals that HOMs of 24 cavities
will be less than the stability threshold for storing 200 mA
in the uniform filling. For the transverse instability, we
estimated the fastest growth rate caused by the resistive
wall impedance is less than 4700 s-1 at the chromaticity
equal to zero. If we compare this with damping rate tuned
to 10,000 s-1 of feedback system currently used in PETRA
III, the same class of feedback system will be sufficient to
stabilize the coupled-bunch instability driven by the resistive wall.
However, the short-range wakefield causes sudden
beam losses where the feedback system is too slow to
counteract the unstable motion. The remainder of the
paper will be focused on determining the single-bunch
intensity limit which can be achieved without the aid of
the feedback system. Also, the critical beam parameters
like emittance and lifetime which we can really measure
with charges in PETRA IV will be presented.

Impedance Model
During the design phase of PETRA IV, the vacuum inserts are uncertain in shape and quantity as well as its
locations. So we have to make major assumptions to proceed with the impedance modeling, which are:
 Beam chamber is circular with a radius of 10 mm
and ID chamber is elliptical with the full gap of 6
mm; the inner surface will be coated with nonevaporable-getter (NEG) material for vacuum.
 Many components will be similar to the scaled version of PETRA III.
 The injection will be on-axis; a bunch or a train of
bunches in full intensity from 6-GeV booster will
be swap-in the empty buckets.
 The number and tentative location are consistent
with the latest lattice that is represented in Table 1.
TUPGW092
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COMPENSATION OF INSERTION DEVICE INDUCED EMITTANCE
VARIATIONS IN ULTRALOW EMITTANCE STORAGE RINGS
BY A DISPERSION BUMP IN A WIGGLER*
F. Sannibale†, M. Ehrlichman, T. Hellert, S. C. Leemann, D. S. Robin,
C. A. Steier, C. Sun, M. Venturini,
Lawrence Berkeley National Laboratory, Berkeley, 94720 CA, USA.
Abstract
Multi-bend achromat lattices allow for the design of extremely low emittance electron storage rings and hence for
the realization of extremely high- brightness X-ray photon
sources. In these new rings, the beam energy lost to radiation in the insertion devices (IDs) is often comparable to
that lost in the ring dipole magnets. This implies that with
respect to the typical 3rd generation light source, these new
machines are more sensitive to the energy loss variations
randomly occurring as the many users independently operate the gap of their IDs. The consequent induced variations
in radiation damping time, equilibrium emittance, and
transverse beam sizes at the radiation point sources can be
significant and degrade the experimental performance in
some of the beamlines. In this paper we describe and discuss a possible method to compensate for such emittance
variations by using a variable dispersion bump localized
inside a fixed gap wiggler.

INTRODUCTION
In the last decade, technological progress and improved
beam dynamics calculation techniques made the construction of storage rings using Multi Bend Achromat (MBA)
lattices possible. The extremely low emittances achievable
with such schemes (more than an order of magnitude with
respect to the present 3rd generation light sources) allows
for ring-based light sources with often several orders of
magnitude increase in terms of brightness. A number of upgraded and new light sources based on MBA schemes were
proposed, some funded and the successful commissioning
and first operation of MAX IV in Sweden [1] confirmed
the capability of the scheme of delivering the promised results.
The low emittance performance of MBA lattices is obtained by strong transverse focusing and large bending radii in dipole magnets to control and reduce dispersion in
the arcs. Unlike in present 3rd generation light sources, the
large bending radius of MBA-based rings significantly decreases the amount of energy radiated in the bends, making
it comparable to that radiated in the insertion devices (IDs).
Consequently, insertion devices can significantly impact
the equilibrium emittance of an MBA-based ring. When ID
gaps are independently adjusted by users during normal
___________________________________________
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operation, the resulting modulation of the total radiated energy results in variations of the beam damping time, of the
electron beam emittance, and ultimately changes the photon distribution in the beamlines [2]. This is especially true
for short wavelengths, where far from diffraction limit, the
photons reproduce the electron distribution with fidelity.
Some of the beamline experiments, for example those
based on scanning transmission X-ray microscopy
(STXM), are very sensitive to variations of the transverse
photon distribution and the quality of their experiments can
be significantly affected if those variations are not compensated. Estimates for the particular case of the ALS-U, the
MBA upgrade of the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory [3], indicate that
up to ~7% (4 sigma) ID-induced emittance variations can
be expected [4]. This value is large enough to require an
active compensation scheme to preserve the quality of the
experiments in those sensitive beamlines.
A number of different methods that could be used for
compensating for these emittance variations, with their
pros and cons, were discussed elsewhere [4]. In this paper
we concentrate on the analysis of the scheme that uses a
variable horizontal dispersion bump inside a fixed gap wiggler to compensate for the emittance variations. According
to the analysis in [4] this appears to be the most efficient
and workable approach as it is compatible with user operation of the wiggler (wigglers typically works at fixed gap
for users), is relatively simple to implement and does not
affect the performance of the ring in any of its other deliverables. In this paper, the v20r baseline ALS-U lattice is
used to demonstrate the technique.

THEORY
Assume that a wiggler is located at the center of the
straight section of a storage ring. The horizontal optical
functions in the straight section are then given by:
𝑠
1
,𝛼
𝛽 ,𝛾
𝛽 (1)
𝛽
where x, x and x are the horizontal plane Twiss parameters, s is the longitudinal coordinate with s = 0 at the center
of the straight section, and wx is the value of the beta function at the waist located at s = 0.
The natural emittance 0 of a ring is given by [5]:
𝛽
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FIRST ATTEMPTS AT APPLYING MACHINE LEARNING TO ALS
STORAGE RING STABILIZATION∗
S. C. Leemann† , P. Amstutz, M. P. Ehrlichman, T. Hellert, A. Hexemer, S. Liu, M. A. Marcus,
C. N. Melton, H. Nishimura, G. Penn, F. Sannibale, D. A. Shapiro, C. Sun, D. Ushizima,
M. Venturini, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Abstract

Limitations of Feed-Forward Corrections

The ALS storage ring operates multiple feedbacks and
feed-forwards during user operations to ensure that various source properties such as beam position, beam angle,
and beam size are maintained constant. Without these active corrections, strong perturbations of the electron beam
would result from constantly varying ID gaps and phases.
An important part of the ID gap/phase compensation requires recording feed-forward tables. While recording such
tables takes a lot of time during dedicated machine shifts,
the resulting compensation data is imperfect due to machine
drift both during and after recording of the table. Since it
is impractical to repeat recording feed-forward tables on a
more frequent basis, we have decided to employ Machine
Learning techniques to improve ID compensation in order
to stabilize electron beam properties at the source points.

The FFs employed to correct systematic focusing and skew
quadrupole errors resulting from ID motion are usually based
on a physics model describing how, e.g., the local vertical
focusing is perturbed by a change of vertical gap along with
measurements to determine which local quadrupole excitation is required to compensate for this effect. The result is
commonly referred to as a lookup table. Such a lookup table
is then employed by the local FF to compensate for ID motion. Two aspects about this approach are problematic: First,
the physics model the approach is based on relies on several
approximations (ideal IDs, linear expansion, linear superposition) which do not always hold well as experimental data
shows. Secondly, the storage ring and the instrumentation
involved in recording these lookup tables are susceptible to
drift. This is a serious issue since recording lookup tables
require large amounts of dedicated machine time so they can
not be re-recorded on a frequent basis (1–2 recordings per
EPU a year is the maximum that can realistically be expected
at ALS). So as the machine drifts (e.g., temperature, ground
settlement, tidal motion, etc.) during the period a table is
being used, the fidelity of the FF compensation based on this
table will reduce with time. However, even if tables were
re-recorded more frequently, drift remains a fundamental
problem since the machine instrumentation already drifts
during the lengthy process to record the table1 .

INTRODUCTION
To large extent the success of 3rd -generation light sources
(3GLSs) such as the ALS lies in their stability, resulting
in constant position, angle, and intensity of radiation delivered at a tunable wavelength with narrow width. In order to
maintain constant intensity, a combination of top-off injection (maintaining constant beam current on a sub-percent
level) [1, 2] and precise control over source position and size
is required. In 3GLSs source position and angle have been
successfully stabilized through combined application of insertion device (ID) feed-forwards (FFs) and orbit feedback
(FB) [3–5] resulting in sub-micron rms orbit stability over
the course of many hours.
Source size stability, however, requires additional effort.
Usually this calls for a local optics correction to compensate
for perturbations caused by changes of ID settings (primarily
focusing and skew quadrupole errors, but in some instances
also higher-order corrections to maintain injection efficiency
and lifetime) in combination with global optics corrections
to ensure overall machine performance is maintained (tunes,
betatron coupling) [4, 6–14]. Local optics corrections are
commonly realized through a FF (local quadrupole and skew
quadrupole FFs), while global corrections are often a combination of FF (e.g., systematic tune correction against ID
motion) and FB (global tune correction).
∗
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SOURCE SIZE STABILITY
Standard practice in 3GLSs is to maintain transverse beam
size stability to within 10% of the rms electron beam size [16,
17]. This performance is indeed routinely achieved at ALS
and other 3GLSs despite machine drift and imperfections in
the compensation for ID gap/phase changes. Now however,
the latest experiments at these sources are starting to show
limitations arising from such levels of source size control.
While top-off injection and orbit FBs are routinely reaching
sub-percent level stability, source sizes still vary on the level
of several percent even in the most advanced 3GLSs after
much optimization (cf. below for an example from a STXM
end station at ALS) and thereby become the limitation for
overall source stability.
It is also evident that with the advent of 4th -generation
storage rings (4GSRs)—sometimes referred to as diffractionlimited storage rings—delivering high-brightness x-ray
beams with high coherent flux, electron beam sizes will
become smaller by many more factors than perturbations
1

At ALS an EPU [15] requires on the order of one 8-hour machine shift to
record a full lookup table.
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PROGRESS ON A NOVEL 7BA LATTICE FOR A 196-m
CIRCUMFERENCE DIFFRACTION-LIMITED SOFT X-RAY STORAGE
RING∗
S. C. Leemann† , F. Sannibale, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
M. Aiba, A. Streun, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
J. Bengtsson, Diamond Light Source, Oxfordshire, UK
L. O. Dallin, Canadian Light Source, Saskatoon SK, S7N 2V3, Canada

INTRODUCTION
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A previous lattice study [1] had demonstrated that the
performance requirements of the ALS-U storage ring [2]
can be achieved while supplying large lifetime and dynamic
aperture (DA) by using a 7BA lattice that provides space for
distributed chromatic correction. By limiting the number of
arc bends to seven, space can be provided for seven families
of chromatic sextupoles throughout the arc thereby allowing
the arc to be designed as a higher-order achromat free from
lower-order aberrations. This not only significantly reduces
resonance driving terms (RDTs) rendering larger DA, it also
allows for a reduction in chromatic footprint thereby providing large momentum aperture (MA). This nonlinear optics
has proven to be rather robust in the presence of imperfections unavoidable in a real storage ring.
The reduced number of arc bends obviously comes with
an emittance penalty. This, however, can be alleviated by
making use of reverse bending in the focusing quadrupoles
and longitudinal gradients in the bends. The zero-current
bare lattice emittance in this 7BA lattice is ε0 = 78 pm rad.
Because the horizontal damping partition in this 7BA lattice
remains moderate, the resulting emittances in both transverse planes, when tuned for round beam operation, become
sufficiently low for diffraction-limited soft x-ray production
∗
†
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The ALS Upgrade to a diffraction-limited soft x-ray storage ring calls for ultralow emittance in a very limited circumference. In this paper we report on progress with a
lattice based on a 7BA with distributed chromatic correction. This lattice relies heavily on longitudinal gradient
bends and reverse bending in order to suppress the emittance, so that, despite having only seven bends, ultralow
emittance can be achieved in addition to large dynamic aperture and momentum acceptance. An initial alternate 7BA
lattice has been revised to relax magnet requirements as well
as further increase off-energy performance and resilience
to machine imperfections. We now demonstrate ±2.5 mm
dynamic aperture including errors and calculate the effect
of IBS to show that this lattice achieves 6 hours Touschek
lifetime (at 500 mA, including errors) and a brightness of
roughly 3 × 1021 ph/s/mm2 /mrad2 /0.1%BW at 1 keV.

in both planes (εx = εy = 49 pm rad at zero current). Finally, by enforcing strict achromaticity of the arc and by
tuning the beta functions through the insertion device (ID)
straights (cf. Fig. 1) to better match the ideal optics (electron
beam optics matched to diffraction-limited photon beams
from undulators [3]), the resulting brightness can be further
increased.

Beta Functions [m]

Abstract
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8 10
s [m]
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Figure 1: Optics in one of twelve 7BAs.

LATTICE & OPTICS TUNING
This 7BA lattice offers tuning flexibility in that emittance
can be traded off for momentum compaction and vice versa
through the amount of reverse bending chosen [1]. In fact,
the revised 7BA lattice described here has been detuned from
minimum emittance condition to increase the magnitude of
momentum compaction in order to ensure better stability.
Compared to [1], the 7BA lattice has been modified to 1.16◦
reverse bending angle in each unit cell which renders for the
entire lattice αc = −1.0 × 10−4 and ε0 = 78 pm rad (at zero
current). This choice delivers a momentum compaction large
enough to guarantee stable longitudinal motion (as verified
with 6D tracking in Tracy-3 [4]) while also delivering ultralow emittance. If smaller values of momentum compaction
could be tolerated, the minimum achievable emittance of
the achromat can be reduced to 60 pm rad. In addition to
lower emittance, an advantage of such a more aggressive
tuning lies in the reduction of reverse bending which reduces
the radiated power (and thereby the heat load on the vac
chamber) and renders slightly better DA.
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DESIGN PROGRESS OF ALS-U, THE SOFT X-RAY DIFFRACTION
LIMITED UPGRADE OF THE ADVANCED LIGHT SOURCE∗
C. Steier† , P. Amstutz, K. Baptiste, P. Bong, E. Buice, P. Casey, K. Chow, R. Donahue,
M. Ehrlichman, J. Harkins, T. Hellert, M. Johnson, J.-Y. Jung, S. Leemann, R. Leftwich-Vann,
D. Leitner, T. Luo, O. Omolayo, J. Osborn, G. Penn, G. Portmann, D. Robin, F. Sannibale,
S. De Santis, C. Sun, C. Swenson, M. Venturini, S. Virostek, W. Waldron, E. Wallén,
LBNL, Berkeley, CA 94720, USA
Abstract

INTRODUCTION
To achieve diffraction-limited performance for soft x-rays,
ALS-U uses a nine bend achromat lattice (see Fig. 1) with
on-axis swap out injection and a full energy accumulator.

Coherent Flux [Ph/sec 0.1% BW]

10 16

The ALS-U project to upgrade the Advanced Light Source
to a multi bend achromat lattice received CD-1 approval in
2018 marking the end of its conceptual design phase. The
ALS-U design promises to deliver diffraction limited performance in the soft x-ray range by lowering the horizontal
emittance to about 70 pm rad resulting in two orders of magnitude brightness increase for soft x-rays compared to the
current ALS. The design utilizes a nine bend achromat lattice, with reverse bending magnets and on-axis swap-out
injection utilizing an accumulator ring. This paper presents
recent design progress of the accelerator, as well as new
results of the R&D program.
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Figure 2: Coherent flux of planned new insertion devices
on ALS-U compared to existing and planned rings, showing
≥2 orders of magnitude improvement at 1 keV compared to
the ALS.
Table 1: Parameter List Comparing ALS with ALS-U
Parameter

Figure 1: CAD model of ALS-U showing one of the twelve
sectors of the nine bend achromat lattice as well as the support system based on plinths and rafts.
The improvement in coherent flux at 1 keV of at least
two orders of magnitude compared to ALS (see Fig. 2) will
be achieved by a big reduction of the emittance as well as
smaller horizontal beta functions and insertion devices with
smaller gaps [1, 2].
The design produces round beams of 70 pm rad emittance,
about 30 times smaller than the horizontal emittance of
the existing ALS. ALS-U received CD-1 approval from
DOE/BES in September 2018 marking the end of the conceptual design and start of the preliminary design phase.
Table 1 summarizes the main accelerator parameters.
During the ALS-U R&D program, which is now coming
to a successful end, many improvements were demonstrated
relating to swap-out injection, harmonic cavities with large
∗
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Current ALS

ALS-U

Electron energy
1.9 GeV
2.0 GeV
Beam current
500 mA
500 mA
Hor. emittance
2000 pm rad
70 pm rad
Vert. emittance
30 pm rad
70 pm rad
rms beam size (IDs)
251 / 9 µm
12 / 14 µm
rms beam size (bends)
40 / 7 µm
7 / 10 µm
1.04 × 10−3
Energy spread
0.97 × 10−3
Bunch length
60–70 ps
110 ps
(FWHM)
(harm. cavity) (harm. cavity)
Circumference
196.8 m
∼196.5 m
Bend magnets per arc
3
9
Total beam lifetime
6h
≥1 h
lengthening factors [3,4], vacuum design/NEG coating, high
gradient magnets, and beam diagnostics [5].

LATTICE
The ALS-U lattice has been stable over the last year. It
uses 9 bending magnets, as well as 10 offset quadrupoles
per arc which provide about 10% reverse bending. Six high
field bending magnets with ≥3.2 T field are included in three
arcs to support the twelve existing hard x-ray beamline ports.
The predicted Touschek lifetime is about 1.5 h taking into
TUPGW097
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FABRICATION & COLD TESTS OF A MILLIMETER-PERIOD RF
UNDULATOR∗
F. Toufexis† , B.J. Angier, D. Gamzina, S.G. Tantawi, SLAC, Menlo Park, CA 94025
Abstract
To reduce the linac energy required for an FEL radiating
at a given wavelength, and hence its size, a smaller undulator
period with sufficient field strength is needed. Previous work
from our group successfully demonstrated a microwave undulator at 11.424 GHz, using a corrugated cylindrical waveguide operating at the HE11 modes. We have designed, built,
and cold-tested a mm-wave undulator cavity at 91.392 GHz
with an equivalent undulator period of 1.75 mm. This undulator requires 1.4 MW for sub microsecond pulses for an
equivalent K value of 0.1. In this work we report the mechanical design and fabrication of this 91.392 GHz RF undulator,
as well as preliminary cold test data.

INTRODUCTION
Free-Electron Lasers (FELs) are tunable sources of highpower, coherent electromagnetic radiation from microwave
frequencies all the way to hard X-rays. In biology and material science, SLAC’s Linac Coherent Light Source (LCLS)
[1] – the first operational hard X-ray FEL – has revealed
the structure of key biomolecules [2] and catalysts and their
interactions [3]. However, hard X-Ray FELs are very large
and expensive. The European XFEL is 3.4 km long, and
produces 0.1 nm photons. It costed €1.1B to build, while
operational expenses are estimated at €83M/year [4]. Developing a technology that reduces the size and cost of X-Ray
FELs, and makes them accessible to more scientists, will
have tremendous impact in advancing science.
Traditionally, coherent emission of short wavelength electromagnetic radiation employed undulators – devices that
generate a periodic magnetic field – made of permanent
magnets. Such undulators present several limitations on the
shortness of their period while maintaining reasonable field
strength and beam aperture. In order to shrink an FEL, a
smaller linac, and therefore lower beam energy, is required.
This means that a smaller undulator period is required while
sufficient field strength is maintained. However, the undulator wavelength cannot be too small – for example using
directly a laser beam [5, 6] – because the emittance requirements make it infeasible for the beam to lase. Alternatives
to traditional undulators are in-vacuum and superconducting magnet-based undulators [7–9], crystalline undulators
[10, 11], short-period electromagnet-based undulators [12],
microfabricated permanent magnet undulators [13], microfabricated electromagnet undulators [14, 15], laser-driven
undulators [16–19], and microwave undulators [20, 21]. In∗
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vacuum undulators, short-period electromagnet-based undulators, microfabricated permanent magnet undulators and
microfabricated electromagnet undulators are all limited by
the beam aperture being smaller than their period in order
to maintain high fields. Laser-driven undulators are also
limited by small beam apertures. Superconducting undulators are very expensive and present several reliability issues
in high-energy beams. Crystalline undulators are still in
their infancy and are not suitable for high-current beams.
Previous work in our group on microwave undulators investigated several overmoded waveguide systems [22, 23] and
concluded that corrugated cylindrical waveguides operating in the HE11 mode had the lowest resistive losses and
peak surface fields for the same K. Such an undulator has
been successfully demonstrated at 11.424 GHz [21]. Scaling this undulator into the mm-wave/terahertz regime could
dramatically reduce the size and cost of an FEL.

Figure 1: Manufactured 1.75 mm-period RF Undulator operating at 91.392 GHz. The length of this structure is 18.55 cm.
The picture shows the input RF cylindrical waveguide and
beam pipe as well as the flange for connecting to a network
analyzer or coupler. The input beam pipe diameter shown
in this picture is 2.375 mm. The output beam pipe diameter
on the other side of the structure is 4.92 mm.
We have designed, built, and cold-tested an RF undulator cavity – shown in Figure 1 – that operates at
91.392 GHz with an equivalent undulator period of 1.75 mm
and 2.375 mm/4.92 mm input/output beam apertures. Figure 2 shows the RF model of the undulator cavity. The RF
power required for K = 0.1 is 1.4 MW. Since this cavity is
axisymmetric, it supports two degenerate eigenmodes and
allows fast control of the polarization of the light simply by
changing the excitation of the cavity. The RF design of this
RF undulator has been reported in [24, 25]. In this work
we report the mechanical design and fabrication of the RF
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SUPERCONDUCTING CRAB CAVITY OPTIONS FOR SHORT X-RAY
PULSE GENERATION IN SPEAR3∗
F. Toufexis† , V.A. Dolgashev, X. Huang, Z. Li, SLAC, Menlo Park, CA 94025
Abstract
We are exploring methods to generate short X-ray pulses
in SPEAR3 on the order of 1 ps to enable studying ultrafast
processes in materials. We are developing a 2-frequency
crab cavity scheme with two sets of crab cavities at the 6th
and 6.5th harmonics of the 476 MHz ring RF frequency. In
previous work we studied a normal conducting crab cavity
for SPEAR3. In this work we explored two superconducting
cavity options: a traditional elliptical cavity and the Quasiwaveguide Resonator. We found that the Quasi-waveguide
Resonator cannot meet our ﬁeld uniformity speciﬁcations
due to higher order multipole ﬁelds. We then optimized
a traditional elliptical cavity with the input, Lower Order
Modes, and Higher Order Modes couplers following the
Argonne Advanced Photon Source design.

INTRODUCTION
Synchrotron Light Sources based on storage rings produce
photon pulses on the order of 20 ps RMS [1, 2]. Developing
short x-ray pulse capability in storage rings would enable
several scientiﬁc applications including material research
for eﬃcient solar energy conversion [3–6], ultrafast optical
control of structural dynamics, nanoscopic thermal transport
& thermoelectrics [7], and the development of an incoherent
time-resolved alternative to X-ray Photon Correlation Spectroscopy. These applications require a photon ﬂux of more
than 1 × 1012 ph/s [8].
There are several methods to enable short x-ray pulse capability in storage rings: low-alpha modes, pseudo single
bunch operation [9], resonant crabbing [10], short pulse
injection from the LCLS-II Superconducting (SC) linac
[11, 12], single frequency crab cavities [13–18], longitudinal bunch compression using 2-frequency accelerating
SC cavities [11, 19], and transverse bunch crabbing using
2-frequency crab cavities [11, 20] that is the focus of this
paper.
In the 2-frequency crab cavity scheme there are two sets
of crab cavities at the 6th and 6.5th harmonics of the ring
RF frequency of 476 MHz. As these two frequencies beat,
in half of the buckets the beam is left unaﬀected while in
the other half it is tilted. A high charge so-called camshaft
bunch is injected in one of the tilted buckets to generate a
short X-ray pulse. A normal conducting crab cavity design
has already been explored for SPEAR3 [20]. In this work we
investigate a SC crab cavity alternative. We begin by reviewing the design requirements and then show optimization data
∗
†
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for two diﬀerent cavities: the elliptical and the single-cell
Quasi-waveguide Multi-cell Resonator (QMiR) [21].

DESIGN REQUIREMENTS
The design requirements for the crab cavity are summarized in Table 1. The SPEAR3 RF frequency is
476.314 MHz and the crab cavities will operate at the 6th
and 6.5th harmonics. The wakeﬁeld-related requirements
are identical to the warm two-frequency crab cavity system
we previously explored [20]. The beam aperture throughout
the cavities should be larger than 3.6 cm in the horizontal
plane to accommodate for the large initial oscillations of
the injected beam in the ring. One important requirement
for SPEAR3 is the kick uniformity on the transverse plane,
and speciﬁcally the maximum allowable magnitude of the
sextupole component of the deﬂecting RF ﬁelds.

MULTIPOLE EXPANSION
For a non-axisymmetric cavity there will be a kick variation within the aperture V (r, φ) = Vd + ΔV (r, φ), where Vd
is the nominal deﬂection at the beam axis, and r and φ are
the transverse polar coordinates. To calculate the multipole
components of the RF ﬁelds we ﬁt on the relative transverse
kick variation ΔVV(rd,φ) in the azimuth for diﬀerent radius the

n
following expression: ∞
n=1 r [an sin (nφ) + bn cos (nφ)],
where the term n = 1 to the quadrupole component, n = 2
to the sextupole component, etc. We can write the
 kick vari-

ation due to the sextupole component K2 L/2 = a22 + b22 as
√
E a22 +b22 2
ΔV (r ,φ)
=
r , where E is the beam energy 3 GeV.
Vd
Vb
For our machine parameters we need

ΔV (r ,φ)
Vd

≤ 150r 2 .

Table 1: Superconducting Crab Cavity Design Requirements,
Adapted from Li et al. [20]
Parameter
1st crab cavity frequency f1
2nd crab cavity frequency f2
1st crab cavity voltage V1
2nd crab cavity voltage V2
Beam aperture d
Bunch kick factor k d
Sextupole ﬁeld K2 L
Long. wake impedance Zn /n
Trans. wake impedance Z x
Trans. wake impedance Zy

Value
2.858 GHz
3.096 GHz
1.0 MV
0.93 MV
> 3.6 cm
< 1500 V pC−1 m−1
< 0.2 m−2
< 8.3 kΩ @ 3 GHz
< 4.7 MΩ m−1
< 1.9 MΩ m−1
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CBETA – NOVEL SUPERCONDUCTING ERL*
R.J. Michnoff, J. S. Berg, S. J. Brooks, J. Cintorino, Y. Hao, C. Liu, G. J. Mahler, F. Meot, S. Peggs,
V. Ptitsyn, T. Roser, P. Thieberger, S. Trabocchi, D. Trbojevic†, N. Tsoupas, J.E. Tuozzolo, F. J.
Willeke, H. Witte, BNL, Upton, Long Island, New York,
N. Banerjee, J. Barley, A. C. Bartnik, I.V. Bazarov, D. C. Burke, J. A. Crittenden, L. Cultrera, J.
Dobbins, S. J. Full, F. Furuta [on leave], R.E. Gallagher, M. Ge, C.M. Gulliford, B.K. Heltsley, G.
H. Hoffstaetter, D. Jusic, R.P.K. Kaplan, V. O. Kostroun, Y. Li, M. Liepe, W. Lou, J. R. Patterson, P.
Quigley, D.M. Sabol, D. Sagan, J. Sears, C. H. Shore, E.N. Smith, K.W. Smolenski, V. Veshcherevich, D. Widger, Cornell University (CLASSE), Ithaca, New York,
D. Douglas, Douglas Consulting, York, Virginia,
M. Dunham [on leave], C.E. Mayes [on leave], SLAC, Menlo Park, California
Abstract
We are successfully commissioning a unique Cornell
University and Brookhaven National Laboratory Electron
Recovery Linac (ERL) Test Accelerator 'CBETA' [1]. The
ERL has four accelerating passes through the superconducting linac with a single Fixed Field Alternating Linear
Gradient (FFA-LG) return beam line built of the Halbach
type permanent magnets. CBETA ERL accelerates electrons from 42 MeV to 150 MeV, with the 6 MeV injector.
The novelties are that four electron beams, with energies
of 42, 78, 114, and 150 MeV, are merged by spreader beam
lines into a single arc FFA-LG beam line. The electron
beams from the Main Linac Cryomodule (MLC) pass
through the FFA-LG arc and are adiabatically merged into
a single straight line. From the straight section the beams
are brought back to the MLC the same way. This is the first
4 pass superconducting ERL and the first single permanent
magnet return line.

These, and other future ERLs or recirculating linac accelerators, could also benefit from the fixed-field alternating
gradient focusing principle’.

CBETA LAYOUT
The previous proposal of the Cornell Energy Recover
Linac [3] and a long and very successful R&D in building
and developing the superconducting linacs produced a
proof of principle 6 MeV injector, with 750 kV 100 mA
gun, superconducting injector linac, and of the Main Linac
Cryomodule (MLC). The first idea of ERL came from
Maury Tigner at Cornell University [4]. The ERL combined with FFA-LG comes from the previous EIC proposal
at BNL based a team of experts in this field from BNL: D.
Trbojevic, S. Berg, F. Meot, S. Brooks and E.D. Courant
[5, 6]. A schematic of the CBETA is shown in Figure 1.

CBETA AND ELECTRON ION COLLIDERS (EIC)
We emphasize importance of the project with respect to
the future EIC’s as an EIC prototype and as an electron
source for the necessary strong hadron cooling. The
CBETA role for EIC’s is best described by the recent report
from the US National Sciences [2] the quote: ’The CBETA
project will serve as prototype of the fixed-field alternating
gradient-ERL concept. The design incorporates several
highly innovative concepts and could achieve higher performance at lower cost’…’The large momentum acceptance of the NS-fixed-field alternating gradient optics
could substantially reduce the number of return arcs and
the cost of the 18 GeV injector of the eRHIC electron storage ring (or the 18 GeV ERL itself, in the case of the linacring design concept). Several beams of different energies
could pass through the same arc structure on different orbits. Like eRHIC, the Jefferson Laboratory Electron Ion
Collider (JLEIC) design of an EIC also employs an ERL as
an electron cooler to achieve low-emittance ion beams.
____________________________________________

*Work supported by New York State Energy Research & Development
Authority-NYSERDA agreement number 102192.
†dejan@bnl.gov
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Figure 1: CBETA Injector (1), merger (2) with the Main
Linac Cryo-module (MLC) (3), spreaders (5), FFA arcs
(6), transitions to the straight (7), and the straight section
(8).
The injector starts with the electron gun: the HV power
supply for 750 kV at 100 mA is based on proprietary insulating core transformer technology. A ﬁve-cavity injector
cryomodule was designed and fabricated in Cornell University with the 2-cell SRF cavity, input coupler, HOM absorbers, LLRF system, and cryomodule it is designed to
support 100 mA beam currents. The high-power CW SRF
injector linac is fully operational and commissioned previously with the CBETA Fractional Arc Test (FAT). The injector previously delivered up to 500 kW of RF power to
the beam at 1300 MHz. The Cornell digital LLRF system
TUPGW102
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PRESENT STATUS OF THE PF-RING AND PF-AR OPERATIONS
R. Takai∗1 , S. Nagahashi, T. Honda1 , Y. Kobayashi1
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan
1 also at SOKENDAI (The Graduate University for Advanced Studies), Tsukuba, Ibaraki, Japan

Abstract
The Photon Factory at KEK has been managing two synchrotron radiation sources, the PF-ring and PF-AR, for over
30 years. Although their operation time has been decreasing in recent years for budget reasons, continuous efforts to
improve their performance have been made. In this paper,
the operational status of these light sources for FY2018 is
described. At the PF-ring, a first-generation undulator was
renewed with the beamline components. A vacuum chamber
for the new undulator was applied the NEG coating on the inner surface. This is the first attempt in Japanese light sources
that the NEG-coated chamber is used for undulators. At the
PF-AR, the top-up injection using the direct beam transport
line was introduced to the user operation for the first time.
Since modification of the beam injector LINAC for enabling
simultaneous injection to the four different rings (the PFring, PF-AR, SuperKEKB HER and LER) was completed,
this top-up operation no longer disturbs the operation of the
other three rings. A low-energy operation of the PF-AR was
also tested to secure more operation time within the limited
budget.

PHOTON FACTORY LIGHT SOURCES

The Photon Factory (PF), an accelerator-based light
source facility at KEK, operates two storage rings: The
Photon Factory storage ring (PF-ring) and the Photon Factory Advanced Ring (PF-AR). As a result of major upgrades
and continuous machine maintenance, both rings supply
stable synchrotron radiation (SR) to more than 3,000 users
per year even though it has been over 30 years since the
first light was observed. The PF-ring is a 2.5-GeV electron
storage ring and is operated in multi-bunch mode with a
stored current of 450 mA. It is also operated in hybrid fill
mode, which is composed of a 50-mA isolated bunch and a
400-mA bunch train, for several weeks a year. The PF-AR
is a 6.5-GeV electron storage ring and is operated in single
bunch mode with a stored current of 60 mA. A full-energy
injection using the new direct beam transport (BT) line has
been performed since FY2017. The beam injector linac
(LINAC) is common to the two light sources and the two
rings for the electron-positron collider: SuperKEKB HER
and LER. The main parameters of the two light sources are
summarized in Table 1.
In the following sections, the operational status of the
PF-ring and PF-AR in FY2018 is described, as well as the
highlights of their upgrades.
∗
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Table 1: Main Parameters of PF-ring and PF-AR

Beam energy (GeV)
Circumference (m)
Emittance (nm rad)
Harmonic number
Stored current (mA)
Critical energy (keV)
No. of insertion devices

PF-ring

PF-AR

2.5
187
35
312
450
4.0
12

6.5
377
293
640
60 (Single bunch)
26
6

PF-RING
Operational Statistics
The operation time of the PF-ring in the past 10 years is
shown in Fig. 1. Owing to the remarkable rise of electricity
prices after the 2011 Great East Japan Earthquake and the
yearly reduction of the operational budget, the total operation
time decreased from 5,000 to 3,000 h. After FY2014, however, it was maintained at 3,000 h or more because of efforts
to decrease power consumption and increase the facility’s
income. The achievement rate of the scheduled user time for
FY2018 was 99.1%. While the total downtime increased by
12 h compared to FY2017, the failure rate was kept at 1% or
less. The mean time between failures (MTBF) was 184 h;
therefore, we can say that the PF-ring operation in FY2018
was sufficiently stable. A breakdown of the downtime shows
that 69% was due to issues with the magnet power supplies
and 28% was due to the RF system. The old power supplies
for the quadrupole magnets which caused frequent issues
owing to aging was replaced on the FY2018 budget. In addition, the renewal of an old septum duct which caused a
serious vacuum leak in FY2015 is also in progress [1]. The
new septum duct will be installed to the injection section
with a new septum magnet during the 2020 summer shutdown. At the same time, the current injection scheme will
be reconsidered and optimized for the low emittance lattice.
Since the new injection scheme enables the improvement
of the injection rate and the suppression of the stored beam
oscillation caused by the injection, it will contribute to the
reduction of the radiation dose on the experimental floor and
stabilization of the SR intensity.

BL19 Upgrade
The upgrade project of the SR beamline #19 (BL19) is
in progress. This project is planned for three years starting in FY2017 and relies on two different budgets. During
the 2018 summer shutdown, the removal of an old revolvertype undulator and the installation of a new APPLE-II type
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OVERVIEW OF COLLECTIVE EFFECTS IN SLS 2.0
M. Dehler∗ , A. Citterio, L. Stingelin, M. Aiba
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
Table 1: Main Parameters of SLS 2.0 and SLS

Abstract

At the end of 2017, the conceptual design for an upgrade
of the Swiss Light Source (SLS) was finished, promising a
40 fold smaller emittance and a corresponding increase of the
spectral brightness from the current value. From the point
of view of collective effects, the main changes in the new
design are a reduced chamber size, fully coated with NEG,
and operation at small and negative momentum compaction
with low synchrotron frequency. We give an overview of
the latest results for the ring. Most critical is the threshold
for the longitudinal single bunch instability. Taking into
account the combined effect of wake impedances and CSR,
we have to rely on bunch stretching by a higher harmonic
system to achieve stable operation at nominal current.

INTRODUCTION

The Swiss Light Source (SLS) started user operation in
2001 and has been operating in top-up mode since then,
delivering about 5000 hours of user time per year into 18
user beamlines with excellent availability. Taking advantage
of new advanced optics concepts, we intend to upgrade it
towards a diffraction limited light source (SLS 2.0 [1]). To
obtain the required improvement in emittance of at least 40,
a novel type of lattice using longitudinal gradient bends and
reverse bends was developed (see also Table 1). It will fit
the existing infrastructure with minimum changes, but some
modifications in the shielding walls and shifts of the source
points of several beamlines may be required, since the old
design with a three fold symmetry and three different types
of straights could be replaced by a strictly regular layout
with twelve fold symmetry.
Comparing the upgraded machine layout with the current
one, the major points with respect to collective effects will be
the following: For resistive wake fields, we’ll have a reduced
diameter (20 mm) of the beam pipe fabricated from copper
with a thin, 500 nm NEG (Non Evaporable Getter) coating
for better pumping and desorption. RF voltage is lower,
so we can work with three instead of four ELETTRA type
cavities [2]. To reduce transient beam loading effects, we
will use only one cell of the existing third harmonic system
[3] to provide Landau damping. Momentum compaction
and synchrotron frequency will be reduced. Transversely,
shorter damping times help with the impedance thresholds,
while we have the reverse situation in the longitudinal plane.
As of now, design work on the ring optics is still on going
and may result in changes with subsequent effects on the
machine threshold. As a consequence, the vacuum system
as well as most of the components as tapers, BPMs etc
are not finalized. In the following, we are using a more
∗
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Circumference [m]
Energy [GeV]
Current [mA]
Momentum compaction
RF frequency [MHz]
Nom. RF voltage [kV]
Harmonic number
Filling pattern gap
Damping time τx,y,E [ms]

SLS 2.0

SLS

290.4
2.4
400
−1.33 · 10−4
499.6
1420
484
10%
4.9/8.4/6.5

288.0
2.4
400
6.0 · 10−4
499.6
2080
480
19%
8.6/8.6/4.3

generic model of the accelerator assuming a round beam
pipe, which includes all components as well as the same
types of insertion devices currently installed in the SLS.
Longitudinal single bunch effects seem to be the most critical part of the machine, so currently, most of the work has
been concentrated on that. In the following, we discuss the
impedance contributions from wake fields and CSR effects
and describe how to arrive at thresholds simulations with
a realistic model for Landau damping including transient
effects. Furthermore we show very preliminary results for
transverse effects.

LONGITUDINAL MACHINE IMPEDANCE
The vacuum system is still under design, so we are currently working with generic geometries to estimate the contribution to the total impedance budget of the storage ring.
It includes resistive wakes from beam pipe (20 mm diameter, length 248.4 m, homogeneously coated with 500 nm
Ti-Zr-V NEG) and insertion devices (14 m chamber with
4 mm height, 28 m with 6 mm height), 150 BPMs, cavities
(main RF and higher harmonic) as well as generic tapers
transitioning between chamber and insertion devices. The
full impedance spectrum is shown in Fig. 1.
Wakes were only calculated for a length corresponding
to the size of the RF bucket, so the resonance frequencies
of the main and harmonic cavities are smeared out and not
visible in Fig. 1, while circumferential resonances inside the
BPMs still show up near 8 GHz.

CSR Effects
Sufficiently strong coherent synchrotron radiation in the
bends results in radiated electromagnetic fields overtaking
the bunch. Particles in the tail act on those in the head,
which can lead to self modulation in the bunch intensity and
instability. While this has not been observed at the SLS, the
situation at SLS 2.0 is quite different due to the very low
and negative momentum compaction factor. Analytically,
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CHARACTERIZATION OF NEG COATINGS FOR SLS 2.0
M. Dehler∗ , A. Citterio, X.Y. Liu† , Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
M. Hahn, H. P. Marques, ESRF, FR-38043 Grenoble, France
S. Alberti, J.-P. Hogge, EPFL, CH-1015 Lausanne, Switzerland

Abstract

To limit desorption and ameliorate pumping of the narrow
20 mm aperture vacuum chamber of SLS 2.0, it is planned
to fully coat it with Non Evaporable Getter (NEG) material.
NEG coating can be produced with different structural characteristics, from dense films to columnar growth, with corresponding distinct electrical properties affecting the machine
impedance and the instability threshold of the accelerator. In
order to evaluate and characterize the coating process for geometries similar to the chamber at SLS 2.0, we measured the
resonance properties of coated and uncoated shorted waveguide pieces. First tests were done with standard X band
waveguides at 12 GHz. Test setups using race track cross
sections are in preparation, also at 12 GHz. To characterize
super thin NEG layers a quasi-optical test stand has been
developed, which allows to measure surface impedances at
100 GHz. The final goal is to have a standardized process to
test samples coated by external producers. We describe the
setups and first results.

INTRODUCTION

After 18 years of user operation, an upgrade of the Swiss
Light Source (SLS) is planned for the period 2023/24 [1].
The new design optics with a design emittance lowered by a
factor of 40-50 employs a state of the art multi bend achromat
optics made possible by small aperture magnets and, a special feature of SLS 2.0, longitudinal gradient magnets [1, 2].
The magnet design requires a small aperture (17-20 mm)
beam pipe, which leads to two interrelated challenges. The
first is that vacuum conductance in the chamber is quite
low. Taking into account normal desorption behavior, an
excessive amount of beam conditioning is required to arrive
at pressures below 10−9 mbar. Coating the chamber surfaces
with Ti-Zr-V Non Evaporable Getter material simultaneously
gives distributed pumping and reduces radiation induced gas
desorption from the chamber walls. In this case, beam doses
of 100 Ah are sufficient for conditioning [1, 3].
The second challenge is the significantly increased contribution of resistive wall effects to the machine impedance,
it grows with the inverse square of the chamber diameter.
A part of that can be compensated by using copper or copper coated chambers. But this is mitigated by the electric
properties of NEG. Depending on the material structure,
columnar or dense [4], a conductivity between κ = 1.4 · 104
and 8 · 106 S/m can be expected [5] – for comparison, the
value for copper is 5.8 · 107 S/m. Due to the skin effect, the
surface impedance will be influenced by the properties of
∗
†

Micha.Dehler@psi.ch
on leave from NSRL Hefei, PR China

TUPGW108
1662

both NEG and copper, with NEG starting to dominate for
higher frequencies. Longitudinal single bunch instabilities
as the microwave instabilities happen at wavelengths smaller
than the bunch length and corresponding high frequencies.
The influence of NEG should be still small in that region, so
that we are looking for extremely thin coatings of 500 nm
down to 200 nm thickness.
The surface impedance plays a critical role on the machine
stability of SLS 2.0. Depending on thickness and conductivity, the stability thresholds can become dangerously low.
So we decided to start a measurement program to do an RF
based characterization of coatings. General RF characterization of NEG properties were already done at 7.8 GHz
in [5] and 220-330/500-750 GHz in [6], so our interest lies
in making sure, that we have the right type of NEG, to measure thin coatings, but also to evaluate production processes
in analyzing samples. The general approach is to measure
coated and uncoated resonators with respect to their internal
losses and so obtain the surface impedance.
An interesting question is the relation between measurement frequency, coating thickness and conductivity. As can
be seen in the two upper graphs of Fig. 1, a direct measurement of the conductivity should ideally use thick coatings
above 1 µm in combination of high frequencies beyond X
band. A measurement of the thickness, as shown for dense
NEG in the third graph, is possible at X band frequencies
for value beyond 1-2 µm. Super thin layers require higher
frequencies of, e.g., 100 GHz.

Figure 1: Analytically calculated surface impedance of thin
NEG coatings on copper substrate normalized to uncoated
copper: variation with conductivity and coating thickness.
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CONCEPTUAL DESIGN OF VACUUM CHAMBER
FOR SPS-II STORAGE RING
T. Phimsen†, N. Juntong, S. Chaichuay, S. Prawanta, P. Sunwong, P. Sudmuang, P. Klysubun
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand
R. Deepan, A. Khamkham, Suranaree University of Technology, Nakhon Ratchasima, Thailand

Abstract

The SPS-II is a 3 GeV ultralow emittance light source
which is now under studied and designed by Thailand Synchrotron Light Research Institute (SLRI). The SPS-II storage ring is based on Double-Triple Bend Achromat
(DTBA) cell with a circumference of 321.3 m aiming for
horizontal emittance of less than 1 nm-rad. The compact
lattice leaves narrow space for vacuum components. The
small gap between poles of the magnets requires narrow
vacuum chambers and limits the conductance of the chambers. The chambers will be made by stainless steel with a
thickness of 1.5 mm. the cross section of beam duct is
40 mm × 16 mm elliptical shape. The bending chamber is
designed as a long triangular chamber such that photon absorber can be installed as far from the light source as possible to lower the power density of the heat load. The overview of designed vacuum system for the SPS-II is presented.

INTRODUCTION

The SPS-II is Thailand’s 3 GeV ultra-low emittance
light source project which is now under studied and designed by Thailand Synchrotron Light Research Institute
(SLRI). The SPS-II storage ring is based on the DoubleTriple Bend Achromat cell consisting of 14 DTBA cells
(22.95 m/cell), which adds up to 321.3 m total ring circumference [1]. Figure 1 displays the DTBA lattice cell which
comprises 4 normal dipole magnets (B1, B2, B5, and B6),
2 combined functions dipole magnets (B3 and B4), 16
quadrupole magnets, 6 sextupole magnets, and 2 octupole
magnets. The design horizontal emittance is less than
1 nm-rad.

Figure 1: Schematic diagram of SPS-II DTBA cell and
sectioned-vacuum chamber.

Considering local manufactured technology and a very
small thickness of the chamber caused by narrow gaps between magnet poles, the chambers were firstly designed using stainless steel. However, recently there is a consideration to change the chamber material to aluminium alloy
owing to simplicity of overall fabrication process to
achieve the low impedance storage ring.
In this report, the conceptual design of stainless steel
chamber will be described. Finally, the preliminary study
on deformation of aluminium chamber will be reported.

VACUUM CHAMBERS
Vacuum chamber design will be based on the TPS vacuum chambers [2]. The design divides the DTBA unit cell
into 7 sections as displayed in Fig. 1. It is preferable to have
the vacuum chamber with the same cross-section around
the storage ring although the beam stay-clear (BSC) value
varies. In the preliminary magnet design [3-4], the horizontal BSC of ±20 mm and the vertical BSC of ±8 mm
(maximum values) are implemented.
The DTBA lattice affects the design of the vacuum system significantly. The arrangement of many multi-pole
magnets causes severe space constraints. In addition, the
strong focusing magnets require a very small chamber,
which results in low vacuum conductance. The design aims
to use only non-evaporable getter (NEG) cartridges and
sputter ion pumps (SIP) to obtain the required pressure.
Therefore, the chamber surface should be treated to be as
clean as possible for reducing the residual gas from both
static and dynamic outgassing.
For stable vacuum system, the fabrication tolerances of
vacuum chambers and components should be less than
±0.3 mm and ±0.1 mm for general conditions and highprecision components (e.g. beam duct), respectively.
The gap between multi-pole magnets leaves the chamber
thickness of only 1.5 mm. Because of this limitation of the
chamber thickness, the mechanical strength should be concerned. Stainless steel, in the first place, was selected as
chamber material due to its excellent strength.

Bending Section
The bending chamber is designed as a long triangular
chamber such that photon absorber can be installed as far
from the light source as possible to lower the power density
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IMPROVEMENT OF TOUSCHEK LIFETIME BY HIGHER HARMONIC RF
CAVITY IN THE SPS STORAGE RING
T. Phimsen†, N. Juntong, P. Sudmuang,
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand
Z. T. Zhao, B. C. Jiang, Shanghai Advanced Research Institute, Shanghai, China
Abstract

Table 1: SPS Main Parameters

Siam Photon Source (SPS), located at Nakhon
Ratchasima, Thailand, is a synchrotron light source with
the beam energy of 1.2 GeV. User operation is performed
in beam decay mode with the maximum current of
150 mA. Beam lifetime is about 12 hours at the beam current of 100 mA. Beam injection is carried out twice a day,
and even with full energy, it takes roughly 30 minutes.
Beam lifetime in the SPS storage ring is limited by
Touschek scattering and strongly depends on operation
conditions. Higher harmonic RF cavity is a proven method
to increase the beam lifetime and suppressing coupled
bunch instabilities through Landau damping effect. If the
beam lifetime is increased for examples, to be double, only
one injection per day would be needed. In this study, an
improvement of Touschek lifetime by passive harmonic RF
cavity is investigated.

INTRODUCTION
Siam Photon Source, located at Nakhon Ratchasima,
Thailand, is a synchrotron light source with the beam energy of 1.2 GeV. The SPS parameters are shown in Table 1.
User operation is performed in beam decay mode with the
maximum current of 150 mA. Beam lifetime can be varied
in the range of 10-24 hours at the beam current of 150 mA.
Beam injection is carried out twice a day, and each injection takes roughly 30 minutes. Figure 1 shows beam current in the SPS storage ring [1].
Beam lifetime in the SPS storage ring is limited by
Touschek scattering and resolutely depends on operation
conditions, for examples, insertion devices, coupling, chromaticity and cavity voltage.
In 2016, a 2nd RF cavity has been installed to solve the
Touschek lifetime problem and compensate energy loss
from high-field insertion devices. However, because of
nonlinear effects generated by insertion devices, Touschek
lifetime is still not improved by increasing RF voltage.
These effects were clearly observed in the measurements
as well as in the simulations [1].
Bunch lengthening using a higher harmonic RF cavity
not only can improve the beam lifetime by suppressing the
Touschek effect caused by the elastic scattering of electrons within the bunch [2, 3] but also can suppress coupled
bunch instabilities as well as single bunch instabilities
through Landau damping causing by increasing of synchrotron frequency spread [2, 4, 5].

Parameters
Beam energy (GeV)

Value
1.2

Circumference (m)

81.3

Stored beam current (mA)

150.0

Lattice

DBA

Superperiod
Max RF voltage, VRF (kV)
RF frequency, fRF (MHz)
Harmonic number
Energy loss per turn (keV)

4
250
118.0
32
65.94

In passive mode operation, a harmonic RF voltage is induced by beam current itself. Therefore, an external RF
power source is not required, which makes it compact and
economic. However, the bunch lengthening effect can be
affected by fluctuation of the beam current. The passive
cavities were widely used in many light sources around the
world [6-9]. Besides, there is a study to improve the performance of passive harmonic using active feed forward
technique to compensate the fluctuation of the RF voltage
over a fill [10].
In this report, the bunch lengthening effect of harmonic
cavity in SPS storage ring is investigated using analytical
method based on the passive operation.

Figure 1: Daily SPS stored beam current.
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NANOSECOND PULSING FOR TANDEM ACCELERATOR*
P. Linardakis†, D. C. Tempra, N. R. Lobanov, The Department of Nuclear Physics, Research School
of Physics and Engineering, The Australian National University, Canberra, Australia
Abstract
A pulsed system capable of delivering up to a few microampere bursts of ions with mass range M=1 – 100 amu
with a duration of approximately 1 ns is described. The
system consists of a negative ion source, three frequency
harmonic buncher – which uses the entire tandem electrostatic accelerator as a drift path to produce bunched ion
bursts at the targets or linac entry – and high energy
choppers. The buncher consists of a single acceleration
gap with aligned retractable grids.

with a pitch of 1.5 mm and a diameter of 24 mm orientated perpendicular to the direction of beam. The grids are
mounted to copper conical support electrodes, with field
extension electrode rings that sit 150 mm above and below the grids.

INTRODUCTION
The Heavy Ion Accelerator Facility (HIAF) at the Australian National University (ANU) operates a National
Electrostatics Corporation (NEC) 14UD pelletron tandem
electrostatic particle accelerator [1]. A wide array of nuclear physics experiments are carried out at the facility
and there is a demand for ion beam pulsing driven by use
of time-of-flight techniques in heavy ion experiments and
by the injection requirements of HIAF’s superconducting
rf linac booster. Furthermore, the variety of experiments
required pulsed beams from ion masses of 1 amu to
100 amu, all with a time width of approximately 1 ns.
Due to loading limitations of the accelerator, the pulsing
system must be able to bunch a large fraction (50 – 70%)
of the dc beam in order to achieve efficient operation.

Figure 1: Configuration of beam pulsing sub-systems
around the HIAF 14UD pelletron.

SYSTEM OVERVIEW
Mechanical Design
Figure 1 shows the configuration of the pulsing system
around the 14UD pelletron. A three-frequency harmonic
buncher operating at a fundamental of 9.375 MHz sits
approximately 3.3 m above the entry slits of a NEC tandem pelletron electrostatic particle accelerator. The accelerator acts as a drift path to produce bunched ion bursts
at targets or the entry of a superconducting linac. At the
high-energy end of the accelerator, two closely spaced
choppers operating at 37.5 MHz and 4.6875 MHz serve to
remove background ions between the pulses produced by
the buncher.
The buncher design evolved from a system originally
from Argonne National Laboratories [2]. Figure 2 highlights three main features of the current buncher hardware. These are the electrode assembly, the resonators
and the retractable electrodes.
An rf voltage is created across two electrodes that accelerate and retard ions as they pass across the 5 mm gap
between two electrodes at the centre. These electrodes
consist of molybdenum grids, shown in the inset of Fig. 2
___________________________________________
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Figure 2: Retractable grid-based buncher hardware.
High-voltage rf is applied via two high-Q helical resonators. One is tuned to f2 = 18.75 MHz and connects to
one electrode and the other resonator is tapped such that it
can be tuned to both f1 = 9.375 MHz and
f3 = 28.125 MHz.
In the current iteration of the hardware, the buncher
electrodes are able to be retracted from the ion beam path
for applications, such as atomic mass spectroscopy, that
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THE CONCEPTUAL DESIGN OF A 36 GHz RF UNDULATOR

D. Zhu† , Y. R. E. Tan, Australian Synchrotron, Clayton, Australia
L. Zhang, A. Cross, Department of Physics, University of Strathclyde, Glasgow, UK

Abstract
The CompactLight project supported by European H2020
is to design a hard X-ray FEL facility beyond today’s state
of the art. The project integrates photo injector, X-band acceleration and innovative compact short-period undulators
together to make the machine more compact. RF undulator
has an extraordinary advantage working at very short undulator period. A conceptual design for a RF undulator at
36 GHz using a corrugated cylindrical waveguide operating
in the HE11 mode is presented in this paper. Based on beam
dynamics simulation and photon beam radiation simulations,
the advantage of RF undulator to be used in CompactLight
is presented.

INTRODUCTION

During the past decades Synchrotron Radiation facilities
have seen a fundamental tool for the study of materials in a
wide spectrum of sciences, technologies, and applications.
The latest generation of light sources, the Free Electron
Lasers, capable of delivering high-intensity photon beams
of unprecedented brilliance and quality, provide a substantially novel way to probe matter and have very high, largely
unexplored, potential for science and innovation [1–3]. Currently, most of the worldwide existing FELs use conventional
normal conducting 3 GHz S-band or 6 GHz C-band linac
technology. The machine can reach to kilometres long. The
CompactLight intends to design a hard X-ray FEL facility
beyond today’s state of the art, using the latest concepts for
bright electron photo injectors, very high-gradient X-band
structures at 12 GHz, and innovative compact short-period
undulators.
RF undulators, suggested long time ago, has the advantage of very short undulator period, fast dynamic control of
polarization, undulator strength and wavelength, large aperture, and cheap in comparison with the permanent magnet
undulators [4–6]. Conventional permanent magnet undulator has undulator periods on the order of a few centimetres,
but RF undulator can easily reach to micrometer periods and
produce X-ray energies with lower energy electron beam.
With the development of higher power RF sources in high
frequency band, Rf undulator is becoming short-period alternatives to traditional undulators. It is a potential candidate
to be used in CompactLight.
In this paper, we present a prototype of a RF undulator
for CompactLight. A one metre long corrugated cavity sets
up electromagnetic fields by pumping in 50 MW RF power
with frequency 36 GHz to be used as a RF undulator. Firstly,
a brief review of the parameters of RF cavity structure is
∗
†
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presented. Then, a further investigation of the electron beam
dynamics inside the cavity is given. Later, the RF undulator
radiation spectrum as it is installed in our storage ring is
evaluated.

THE 36 GHz RF CAVITY STRUCTURE
It’s critical for a RF undulator cavity to build up higher
transverse electromagnetic fields along the centre axis to
wiggler electrons in transverse direction. The high Q cavity
with desired operating mode is needed to maintain a high
field in the cavity centre area. A corrugated waveguide structure with a low loss HE11 mode in a cavity is studied [5,
6]. In which the microwave power is mostly concentrated in
the central region of the cavity and the electric field at the
cavity wall is much smaller. It operated in X-band achieved
a quality factor of 91000. When driven by a 50 MW klystron
at 12 GHz, an equivalent Bu of 0.65 T and a equivalent undulator period of 13.9 mm were achieved in the experiment.
Based on this, a 36 GHz corrugated waveguide structure RF
undulator is suggested [7].
The corrugated waveguide is a cylindrical waveguide with
periodic corrugations as shown in Fig. 1.

Figure 1: Schematic drawing of the corrugated waveguide.
The hybrid HE11 mode which is a cylindrical waveguide T M11 mode (with Hz = 0) near cutoff undergoes a
transformation due to the corrugations in the waveguide
in to a rf field with both an electric and magnetic field
(Ez , 0, Hz , 0) in the axial direction as they move away
from the waveguide cutoff. Under conditions known as the
“balanced hybrid conditions”, when the axial electric field is
equal to the axial magnetic field times free space impedance,
the transverse electric field is strongly polarized as shown
in Fig. 2.

Figure 2: Electric field patterns of the HE11 mode.
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VIRTUAL SHIMMING AND MAGNETIC MEASUREMENTS OF TWO
LONG PERIOD APPLE-II UNDULATORS AT THE CANADIAN LIGHT
SOURCE
C. Baribeau†, M. Sigrist, T. Pedersen, Canadian Light Source, University of Saskatchewan,
44 Innovation Boulevard, Saskatoon, Saskatchewan, S7N 2V3, Canada
Abstract
Assembly and shimming have completed for a pair of
long period APPLE-II type elliptically polarized
undulators, QP-EPU180 and EPU142, at the Canadian
Light Source. Both devices were shimmed using a
weighted cost single-objective simulated annealing
algorithm, with shims generated iteratively based on Hall
probe and flipping coil data. In this paper we present
detailed measurements on the two EPUs, including their
magnetic and spectral performance across a wide range of
gap and polarization operating points, as well as measured
and predicted changes in field due to the virtual shimming..

EPU SHIMMING AT CLS
QP-EPU180 is a quasiperiodic undulator sized to fill a
straight section in the CLS storage ring. It is one half of a
dual EPU previously reported on in [1]; the full D-EPU
was installed in the CLS storage ring in spring 2017.
EPU142 is one undulator sized to fill ½ a straight section.
Final magnetic measurements of EPU142 concluded in fall
2018. Installation of EPU142 together with EPU54, which
will occupy the same straight as EPU142 and the work for
which is ongoing, is anticipated to occur in fall 2019.
The assembly of an EPU at the CLS begins with the
installation of permanent magnet blocks onto the insertion
device support structure, followed by precise positioning
of each magnet to a reference zero position. The details of
this work have been reported previously in [1].
An EPU is then optimized by virtual shimming. A
shimming iteration consists of Hall probe (HP) and
flipping coil (FC) measurements taken across multiple
EPU operating modes; Table 1 lists the modes considered
for EPU180. The measurement data are passed into a
simulated annealing (SA) algorithm [2], which
stochastically determines an optimal arrangement of
virtual shims based on the figures of merit in Table 2.
Table 1: Modes Considered in QP-EPU180 Virtual
Shimming
Polarization
Mode

Gap
[mm]

Girder Phases
(G1, G2, G3, G4) [λund]

Planar

15

0

0

0

0

nd

Planar, 2 Gap

25

0

0

0

0

Vertical

15

-1/4

1/4

-1/4

1/4

Elliptical-Left

15

1/8

-1/8

1/8

-1/8

Elliptical-Right

15

-1/8

1/8

-1/8

1/8
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The figures of merit are derived from HP and FC data
and modified by shim signatures, i.e. predicted local
changes in the field (integrals) due to displacing a given
magnet by a discrete distance, e.g. 50 µm. Shim signatures
are calculated using a RADIA [3] model of the EPU.
Weighting coefficients are applied to sum the figures of
merit across operating modes and return a single “cost” for
the algorithm to optimize.
Table 2: Figures of Merit Considered in Virtual Shimming
Optimization of EPUs at CLS (coordinates: x-transverse
horizontal; z-transverse vertical; s-longitudinal)
Figure of Merit

Derived
From…

Typical Weight
Factor

MAX |∫Bds (x)|

FC

5

MAX ∫Bds (x) –
MIN ∫Bds (x)

FC

5

Integrated Multipoles

FC

Varies

MAX ∫Bds (s)

HP

1

Exit ∬Bdsds

HP

1

RMS Phase Error

HP

3

Trajectory
HP
1
Straightness
The SA algorithm is confined such that the solution of a
shimming iteration will contain only up to 10-25 shims,
which can feasibly be applied by 1-2 personnel in a matter
of hours. Together with ~5 hours scanning time and ~8
hours of algorithm run time, it was possible to complete
one virtual shimming iteration every 1-2 working days.
Once virtual shimming could no longer improve an
EPU’s performance, a similar SA algorithm was employed
for shimming with magic fingers (i.e. small end magnets
for tuning field integrals). At this stage, figures of merit
were restricted to transverse field integrals and multipole
expansions thereof. Generally, best results were obtained
by solving one longitudinal row of magic fingers at a time.
For QP-EPU180, the device was first assembled and
shimmed as a periodic undulator and later modified for
quasi-periodicity. After the modifications three virtual
shim iterations were implemented, with no magic finger
shimming.
Figure 1 shows the predicted and actual changes to
EPU142 transverse field integrals (left) and beam
trajectories (right) for a typical round of virtual shimming.
While ~10 Gcm agreement with prediction was attainable
for a single test shim, the ~20-40 Gcm accuracy seen in
Fig. 1 was typical for multi-shim sets. In practice, accuracy
TUPRB003
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MAGNETIC MEASUREMENTS OF INSERTION DEVICES USING THE
VIBRATING WIRE TECHNIQUE
C. Baribeau†, D. Bertwistle, E. Ericson, J. Gilbert, T. Pedersen, Canadian Light Source, University
of Saskatchewan, 44 Innovation Boulevard, Saskatoon, Saskatchewan, S7N 2V3, Canada
Abstract
The commissioning of new in-vacuum insertion devices
(ID) at the Canadian Light Source has motivated the
assembly and development of a vibrating wire system. The
advantage of the technique is that it is a sensitive magnetic
measurement instrument at relatively low cost. Moreover,
most Hall probe systems require transverse access, which
is often not available for in-vacuum or Delta-like devices.
It is comparatively simple to string a taut wire through the
gap of an in-vacuum ID. We describe the experimental
challenges in mapping the field of an 80 mm period invacuum wiggler, IVW80, using the vibrating wire
technique, and compare results against simulation and data
obtained from Hall probe measurements.

BACKGROUND
The vibrating wire [1] is an established measurement
technique with widely reported use in aligning quadrupoles
and probing ID error fields [2]. However, relatively little
work has been reported on mapping an entire ID field with
a wire, as this is generally achieved via Hall probe scan [3].

THEORY
Vibrating wire measurements make use of the following
differential equation, which relates the wire’s transverse
displacement u = u(t,z) to driving force F(t,z):
𝜇𝑢 + 𝛾𝑢 − 𝑇𝑢

= 𝐹(𝑡, 𝑧)

𝐵 sin

𝑧

(2)

where L is the distance between the wire’s fixed points.
If a sinusoidal current is used to drive the wire, then
together with the magnetic field this results in a Lorentz
force that serves as F(t,z). (In this review, we neglect
gravity’s action upon the wire; see [1].)
From Eq. (1), the Lorentz force acting upon the wire, and
thus the magnetic field, can be determined from a
measurement of transverse displacement. To that end, one
can sample the wire position at z = zs.
_____________________________________________
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Ƒ (𝜔) =

| |

cos 𝜙 =

sin

(

𝑧

)

(3)

where ϕ is the phase shift between u(t,z) and I(t) and
γ’=γ/µ. The first form is obtainable from observables,
namely wire displacement u and phase ϕ. The second form
predicts the shape of Ƒn(ω) from wire parameters (µ, γ, T),
drive current I0, sensor position zs, drive frequency (ωn ω), and magnetic field B. One can measure Ƒn(ω) per the
first form of Eq. (3) and fit a curve per the modified second
form, Eq. (4). Ultimately, a series of Bn coefficients can be
obtained using Eq. (5), where an are the fit coefficients of
Ƒn(ω) for all measured wire harmonics.
Ƒ (𝜔) = 𝑎
𝐵 =𝑎

(

)
(

sin

)

+𝑑

𝑧

(4)
(5)

(1)

for longitudinal coordinate 𝑧 and time 𝑡. Here, the
subscripts denote partial derivatives, e.g. ut = δu/δt. The
coefficients of the differential terms are: linear mass
density µ, damping factor γ, and wire tension T.
If the wire is fixed at end points that extend beyond the
magnetic field under measurement, B(z), the solution to
Eq. (1) is constrained such that it can be expressed as a
Fourier sine series. Assuming F(t,z) results from the
magnetic field, the field can similarly be expressed as:
𝐵(𝑧) = ∑

In the case of a weakly damped wire, the transverse
displacement is effectively zero for any sinusoidal driving
force, save for when the wire is driven near its resonant
frequency or integer multiples thereof. In short, when an
appropriate drive frequency is chosen, the wire samples
B(z) at a point in frequency space corresponding to a
particular wire harmonic n.
Consider now a time-average of u(t,z) and current I(t),
which we denote by Ƒn(ω) for harmonic n. We express the
time-average function in two forms:

EXPERIMENT
Hardware and Instrumentation
We drove a 0.1 mm diameter BeCu wire using a
Keysight 33220A function generator and a SRS CS580
constant current source. The Keysight served as master
oscillator for our system, selected for its sub-Hz resolution
even at high drive frequency (>10 kHz).
We observed the wire vibration using a single Motorola
H2A1 photogate, selected for its widespread use in the
literature. Our system required careful setup to mitigate
noise in the photogate signal, which initially dominated the
measurement. We ran the photogate output through an AC60B bridging transformer and measured the noise-isolated
signal with a Signal Recovery 7265 dual phase DSP lockin amplifier, which also measured the wire phase relative
to the drive signal.
From measurements of the wire’s physical parameters
(omitted here for brevity) we calculated its resonant
frequency to be 50.77 ± 0.91 Hz. The lowest observed
resonance occurred at 51.6 ± 0.1 Hz, matching expectation
to within experimental uncertainty. Note that the wire’s
fundamental frequency was sensitive to changes in
ambient temperature on the order of 1 Hz °C-1, and very
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PHOTON POLARISATION MODELLING OF APPLE-II EPUs
M. J. Sigrist, C. K. Baribeau, T. M. Pedersen, Canadian Light Source Inc., Saskatoon, Canada
Abstract
The CLS is currently commissioning two APPLE-II insertion devices (IDs), see [1], and constructing two more
that allow for operation in “universal mode”, i.e. selecting
arbitrary photon polarisation parameters. Two of these devices will operate in the soft x-ray range where there is expected to be a significant change to polarisation at the sample due to transmission effects of the beam line optics. Arbitrary polarisation selection of the ID will counter transmission effects and enable circular polarisation at the sample position. A polarisation model of the device is derived
which allows for the calculation of both the Stokes parameters and photon energy for any set point of ID gap and
phase. Numerical solutions of these equations allow the
calculation of gap and phase set points for any desired photon energy or polarisation. The results of the polarisation
model are compared with numerical simulations of the synchrotron radiation calculated using measured magnetic
fields at various polarisation modes.

EPU GIRDER POSITIONS
Each Elliptically Polarized Undulator (EPU) allows the
gap and all four sub-girders to be set independently in the
range of ±λ/2 for a magnetic period (λ). We first define
two operational parameters, elliptical phase (ϕE) and linear
phase (ϕL), which simplify set points for the phase girders,
see [2]. The set points of the four girders can be found by
summing the components from the elliptical and linear
phases, +G1 = −G2 = +G3 = −G4 = ϕE/2 and for ϕL ≥ 0 G1 =
−G3 = ϕL; G2 = G4 = 0 or ϕL < 0 G4 = −G2 = ϕL; G1 = G3 =
0. We can limit the operational phases to |ϕE| < λ/2 and |ϕL|
< λ/4.

MAGNETIC FIELDS
The on axis vertical (z) magnetic fields of the i’th girder
can be expressed as Bzi = Bz0i·cos[k(s+Gi)] where Bz0i is
the nominal field determined by the magnetic material, geometry and gap, s is the longitudinal coordinate, k is a constant equal to 2π/λ and Gi is the phase setting for each
girder. The horizontal fields (x) have a corresponding definition. If we sum the terms for all four girders in the ϕL >
0 case and substitute ϕE and ϕL for Gi values we get Eq. (1)
and Eq. (2) for Bz and Bx. This description is similar to
previous work for APPLE-II undulators [3] which only described purely elliptical or linear phase shifts.
Bz =
Bx =

Bz0
4

Bx0
4

Cos [k s+

ϕE

+Cos [k s+
Cos [k s+

+Cos [k s+

2
ϕE

2
ϕE

2
ϕE
2

+ϕL ] +Cos [k s −

ϕE

−ϕL ] +Cos [k s −

2
ϕE

+ϕL ] − Cos [k s −

2
ϕE

]

2
ϕE

− ϕL ] − Cos [k s −

2

]
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(1)

]

]

(2)

The harmonic addition theorem can be applied to Eq. (1)
and Eq. (2) to find solutions for the transverse magnetic
field components. The placeholder c is used to denote either the horizontal (x) or vertical (z) field component. The
fields are shown in Eq. (3) separating each magnetic field
component into a nominal term (Bc0) dependent on gap, an
amplitude term (Ac) dependent on ID phases, and the periodic cosine term with a phase shift (δc) dependent on ID
phases.
Bc (g,ϕE ,ϕL ,s) =Bc0 (g)∙Ac (ϕE ,ϕL )∙Cos[ks+δc (ϕE ,ϕL )](3)
The phase dependent amplitude terms and the phase shift
between Bz and Bx are below. The middle sign in the amplitude is determined by the component axis, Az +, Ax −.
1
Az 2 ,Ax 2 = (1±2Cos[kϕL ]Cos[kϕE ]+Cos2 [kϕL ])
4
-2Cos[kϕL ]Sin[kϕE ]
δ = δx -δz = Arctan [
]
Sin2 [kϕL ]

POLARISATION

The polarisation rates using the Stokes description can
be approximated, see [4], as shown using the peak field �̂�
= Bc0·Ac substituting c with the x and z components.
̂ z 2 -B
̂ x2
S1
B
= 2
P1 =
S0 B
̂ z +B
̂ x2
̂ xB
̂ z Cos δ
S2 2B
P2 =
=
S0
̂ 2 +B
̂ 2
B
z

x

̂ xB
̂ z Sin δ
S3 2B
P3 =
=
S0
̂ z 2 +B
̂ x2
B
These can be simplified by substituting the terms for
phase shift (δc) and amplitude (Ac) to get Eq. (4).
P1 =
P2 =
P3 =

̂ z 2 -B
̂ x2
B

̂ z 2 +B
̂x2
B

±2Bx0 Bz0 Sin2 [kϕL ]

(4)

̂ z 2 +B
̂x2
B
Bx0 Bz0 Cos[kϕL]Sin[kϕE ]
̂ z 2 +B
̂x2
B

The nominal field components Bxo and Bzo are gap dependent terms which can be defined using an empirical
function for the magnetic field versus gap, see Eq. (5).
g

g 2

g n

Bc0 = m∙ eb1 λ +b2 λ +⋯bn λ
(5)
Typically for pure permanent magnet devices, B co, uses
only the first term b1. The coefficients of Eq. (5) can be
determined using derived equations for an undulator field,
or fitting to numerical magnetic models or magnetic measurements. In this analysis SRW [5] was used to compute
the flux through a relevant opening aperture on the beamline using finite electron beam parameters for the CLS.
The photon energy of the first harmonic peak was found
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EFFECT OF ELECTROSTATIC DEFLECTORS AND FRINGE FIELDS ON
SPIN FOR HADRON ELECTRIC DIPOLE MOMENT MEASUREMENTS
ON STORAGE RINGS
J. Michaud∗ , J.M. De Conto, Y. Gómez Martínez, Univ. Grenoble Alpes, CNRS,
Grenoble INP1 , LPSC-IN2P3, 38000 Grenoble, France
1 Institute of Engineering Univ. Grenoble Alpes
ELECTROSTATIC DEFLECTORS AND
FRINGE FIELDS

Abstract
The observed matter-antimatter asymmetry in the universe cannot be explained by the Standard Model (SM) of
particle physics. A candidate for physics beyond the SM
is a non-vanishing Electric Dipole Moment (EDM) of subatomic particles. The JEDI (Jülich Electric Dipole moment
Investigations) collaboration [1] based in Jülich is preparing
a direct EDM measurement of protons and deuterons first at
the storage ring COSY (COoler SYnchrotron) and later at a
dedicated storage ring. To achieve this, one needs a stable
polarisation, i.e. around 1000 seconds for spin coherence
time. One source of decoherence comes from the electrostatic deflectors, and it must be quantified. We developed an
analytical model for cylindrical deflectors, including fringe
fields, and the associated beam and spin transfer functions,
integrated over the deflector. All boundary conditions (including zero equipotential) are taken into account, giving
a realistic and accurate field map up to any order. We get
universal formulas, the only adjustable parameter being the
deflector gap/radius ratio, all other terms being numerical.
This has been implemented in the tracking code BMAD. We
present the mathematical, physical and numerical developments, as well as results for a proton storage ring.

INTRODUCTION
The matter-antimatter asymmetry problem, also known
as the baryon asymmetry problem, comes from the observed
difference between the quantity of matter and antimatter in
the observable universe. One of the conditions to explain
this asymmetry is the presence of additional CP violating
phenomenon. A permanent Electric Dipole Moment (EDM)
violates both parity and time reversal symmetries, and assuming CPT theorem, its also violates the CP symmetry.
Many experiments around the world offer to give upper values for the EDM of elementary and composed particles. The
JEDI collaboration proposes to use strong electric fields and
a storage ring to study the EDM of charged hadrons. This
experiment requires a high precision storage ring and an
accurate control of the spin and of the beam.

∗
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Precession Equation and Spin Coherence Time
The dynamic of the spin of a charged particle is described
by the Thomas-BMT equation [2] :
d S® ® ®
=Ω×S
dt
with Ω the precession vector :
® ®
®
® = − e (G B® + ( 1 − G)( β × E ) + η ( E + β® × B))
®
Ω
2
m
c
2 c
γ −1
g−2

where G is the anomalous magnetic moment : G = 2
ηe~
and η defined via d = 4mc the value of the electric dipole
moment. γ and β are the usual Lorentz factors and E® and B®
the electric and magnetic fields.
In order to measure an EDM, one needs to have an extremely accurate control on the G-dependent part of this
equation, which corresponds to the magnetic moment contribution to the spin rotation.
As the particles of the beam are not the reference particle, differences in term of position, impulsion and energy
with respect to the reference particle will slowly lead to an
horizontal depolarisation.
In order to measure an EDM with the required precision,
one needs the spin coherence time (ie the time during which
the spins of the particles are not scattered by more than one
radian) to be as long as possible.

Deflectors and Fringe Fields
A particle with a different position, momentum or energy will undergo a different precession than the reference
particle. One needs a good control and understanding on
these quantities to maximise the spin coherence time. Using
accurate and rigorous models for the spin dynamics in the
electrostatic deflectors is essential.
Additionally, fringe fields can be a source of depolarisation by introducing new components of the field.
We developed analytical and universal models to understand the electric field, particles trajectories and spin dynamics in both the deflector and fringe fields. All the formulas
work as a function of the Gap/Radius ratio of the deflector
and are defined up to the second order of perturbation.
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LUXE — A QED EXPERIMENT AT THE EUROPEAN XFEL
F. Burkart∗ , R. W. Assmann, R. Brinkmann, W. Decking, N. Golubeva, B. Heinemann 1 ,
M. Huening, J. List, DESY, Hamburg, Germany
M. Wing, UCL, London, England
1 also at Albert-Ludwigs-Universitaet Freiburg, Freiburg, Germany

Abstract

The proposed experiment aims to measure QED in the
presence of strong fields and above the Schwinger critical
field. An experiment is being considered at the European
XFEL, which should be able to measure non-perturbative
QED and its transition from the perturbative regime. This
paper presents the current status of the LUXE (Laser und
XFEL Experiment) design study. First layout considerations;
accelerator beam line design, electron and laser beam parameters, radioprotection issues and first results of the start
to end simulations will be presented and discussed in detail.
An outlook concerning the implementation into the European XFEL schedule and timeline of this experiment will
be given.

INTRODUCTION

During the early phase of the development of quantum
electrodynamics, Heisenberg, Euler, Schwinger and others
considered a regime which has yet to be tested experimentally. This is the regime where the electromagnetic interaction becomes so strong that matter particles can be produced
from the absorption of light by light. Such strong fields
occur in several astrophysical phenomena, such as neutron
stars, black holes and the early phase of the Universe. At
DESY, a study is being conducted whether it is feasible to
design an experiment called LUXE using high-energy photons, created from the electron beam of the European XFEL,
and low-energy photons from a high-power laser. It is expected that electron-positron pairs are created which can be
measured by dedicated detectors designed for this purpose.
The electron beam accelerator of the European XFEL,
operated at DESY, is among the highest energy electron
accelerators currently operating world-wide. While it was
designed for the purpose of photon science it would be also
ideally suited to study quantum physics in the strong-field
regime. This is the goal of the LUXE experiment currently
being designed by DESY accelerator, particle and laser physicists jointly with collaborators from German, Israeli and UK
institutes.
The LUXE experiment foresees to shoot one of the 2700
bunches of the electron beam on a tungsten target where a
high-energy photon is created through the Bremsstrahlung
process. This high-energy photon then collides with lowenergy photons from a laser and pairs of electrons and
positrons are expected to be created, known as the Schwinger
process.
The intensity of the laser is varied between 5 × 1018 W/cm2
∗

and 1 × 1020 W/cm2 and the rate of electron/positron pairs
is measured as function of this intensity. It is expected that
this rate increases fast with laser intensity but asymptotically
reaches a value directly related to the Schwinger critical field
ES = (me2 c3 )/eℏ ≈1.3 × 1018 V/m. The measurement of the
rate of pairs is directly related to the field: R ∝ E 2 e(−ES /E)
where E is the electric field provided by the laser. A similar
experiment was conducted at SLAC in the 1990s with the
E144 experiment, where the production of electron-positron
pairs was observed but the critical field was not reached [1,2].

EXPERIMENTAL SCENARIOS
For this experiment two experimental scenarios are foreseen. In the preparatory stage 1 the electron bunch is directly
brought into collision with the laser pulse. In Stage 2 the
electron bunch is sent onto a photoconverter foil (35 µm thick
tungsten foil) and the generated photons are brought into collision with the laser pulse. Downstream of the beam transfer
line from the European XFEL linac to the experimental area
the experimental setup consists of an electro-magnetic triplet
focussing the bunch to the interaction point (IP). For stage
1 the bunch is directly sent to the IP , whereas for stage 2
the photonconverter foil and a collimator has to be installed
upstream of the IP. Downstream of the IP the spectrometer
setup is located, including a spectrometer magnet to separate positrons and electrons and the corresponding detectors.
The last element of the experiment will be the calorimeter
setup. Electrons which have not interacted with the laser
(stage 1) or photoconverter foil (stage 2) have to be guided
onto a single bunch beam dump. A schematic of the two
stages is shown in Fig. 1.

Figure 1: Experimental scenarios for the LUXE experiment.
Stage 1 (top): electron bunch — laser collision, stage 2
(bottom): photon — laser collision with the photoconverter
foil upstream of the Interaction Point.
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FIRST DESIGN STUDIES OF A NC CW RF GUN FOR EUROPEAN XFEL

G. Shu1,*, H. Qian, S. Lal, H. Shaker, Y. Chen, F. Stephan,
Deutsches Elektronen-Synchrotron DESY, 15738 Zeuthen, Germany
1
also at Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
Abstract
After the successful commissioning of the European
XFEL in pulsed mode, continuous wave (CW) mode
operation of European X-ray Free-Electron Laser (XFEL)
is under considerations for future upgrade. DESY is pushing R&D on CW electron sources. A fully superconducting CW gun is under experimental development at DESY
in Hamburg, and a normal conducting (NC) CW gun is
under physics design at the Photo Injector Test facility at
DESY in Zeuthen (PITZ) as a backup option. The 217
MHz NC CW gun is developed from the original LBNL
187 MHz VHF gun, with enhancement on both cathode
gradient and gun voltage to further improve beam brightness. This paper presents the cavity RF design, multipacting (MP) simulations and beam dynamics studies.

INTRODUCTION

The European XFEL is driven by a 1.6 cell L-band NC
RF gun in a pulse mode (650 μs RF pulse length and 10
Hz repetition rate). It provides up to 27000 pulses/sec,
with a micro bunch repetition rate of 4.5 MHz. In order to
further enhance user experiment capabilities, a future
upgrade of the XFEL is CW operation, which enables
more X-ray pulses with lower micro pulse repetition rate.
For the CW gun upgrade, one option is a superconducting
gun, which has the potential for highest cathode gradient
and gun voltage but also higher technical risk, and is still
in the R&D phase. The other option is a VHF band NC
CW RF gun which has demonstrated high brightness high
repetition rate (MHz-class) beam by LBNL in the APEX
project [1,2]. The APEX 187 MHz gun operates at a gun
voltage of 750 kV with a cathode field of 20 MV/m and
average RF power of ~90 kW, and it is chosen as the
electron gun for the LCLS-II project at SLAC. To further
improve CW FEL performance at shortest wavelength, a
next generation gun with even better beam brightness
than the APEX gun is wished [3]. At LBNL, a 162.5 MHz
APEX-2 gun, aiming for both higher cathode gradient and
higher cavity voltage, is under design [4]. At the Photo
Injector Test Facility at DESY in Zeuthen (PITZ), a 216.6
MHz NC VHF gun based on the APEX gun is under
physics design as a backup option for a future CW upgrade of the European XFEL.
In this paper, RF optimization of the gun cavity is first
presented, then the multipacting simulations inverstigates
the MP location in the gun and MP zones. Finally, the
beam dynamics studies to characterize gun performance
are discussed.

*

RF DESIGN
Cavity RF Design
The APEX gun frequency (187 MHz) is not easily
compatible with the exisiting XFEL timing system, and
162.5 MHz (8th sub-harmonic of 1.3 GHz) and 216.6
MHz (6th sub-harmonic of 1.3 GHz) are recommended by
LLRF colleagues. To reduce RF breakdown risk of the
gun at a higher gradient, 216.6 MHz was selected.
For the next generation VHF gun, although beam dynamics wishes for higher gun gradient and voltage, cavity
cooling, dark current, and RF breakdown set the upper
limits. Based on the APEX results, the upper limit of
cathode gradient and gun average RF power are set to 30
MV/m and 100 kW, respectively, for the DESY VHF gun.
To reduce the engineering difficulties, the 1st DESY VHF
gun will be a one cell design instead of the APEX-2 two
cell design.
The cavity re-optimization based on the APEX gun profile was performed with the help of CST MWS [5]. The
cavity shape is parameterized in CST, and perturbation
scans on all the shape parameters find the key parameters
to optimize gun frequency, shunt impedance (Rsh), cathode field (Ecath) and peak surface electric field (Esurf).
Finally, the built-in CST optimizer optimizes the gun
shapes with defined goals and constraints.
Due to the constraint on shunt impedance and 100 kW
average gun power, the new gun voltage cannot be significantly higher than the APEX gun. To help achieve ~30
MV/m cathode gradient from the 20 MV/m of the APEX
gun, the acceleration gap is reduced from 4 cm to 3 cm,
which also slightly reduces the Rsh. To achieve a high
cathode field and a high shunt impedance, both the cathode and anode nose should be ‘shaper’ to enhance the
electric field in the acceleration gap, which also leads to a
higher Esurf. In CST simulation, it is found that Rsh depends critically on the peak Esurf. Without constraining
Esurf, the gun voltage can reach ~1 MV. The APEX gun
has been operated with up to ~1.9 Kilpatrick field in the
experiment without breakdown in the gun. In the following, two Esurf thresholds have been used in optimizations,
one is more aggressive, 2.5 Kilpatrick for higher shunt
impedance, and the other is 2 Kilpatrick for a more conservative approach.
Various cavity profiles have been investigated. Fig.
1(a) shows the electric field map of two typical models.
The left figure shows the initial version scaled and optimized from the APEX gun with a cathode gradient of 30
MV/m and a cavity voltage of 860 kV. The peak Esurf on
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DESIGN OF HIGH-POWER CW IR-THZ SOURCE FOR
THE RADIATION SOURCE ELBE UPGRADE
P. Evtushenko†, U Lehnert, P. Michel, T. Cowan, Helmholtz-Zentrum Dresden-Rossendorf,
Dresden, Germany

Abstract
The Radiation Source ELBE at Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) is a user facility based on a
1 mA - 40 MeV CW SRF LINAC. Presently HZDR is
considering upgrade options for the ELBE or its replacement with a new CW, SRF LINAC-based user facility. A
part of the user requirements is the capability to generate
IR and THz pulse in the frequency range from 0.1 through
30 THz, with pulse energies in the range from 100 J
through a few mJ, at the repetition rate between 100 kHz
and 1 MHz. This corresponds to the pulse energy increase, dependent on the wavelength by a factor from 100
through 1000. In this contribution, we outline key aspects
of a concept, which would allow to achieve such parameters. Such key aspects are: 1 - use of a beam with longitudinal density modulation and bunching factor of about 0.5
at the fundamental frequency; 2 - achieving the density
modulation through the mechanism similar to the one
used in optical klystron (OK) and HGHG FEL; 3 - generating necessary for the modulation optical beam by an
FEL oscillator, and 4 - using two electron injectors, where
one injector provides beam for the FEL oscillator while
second high charge injector provides beam for the high
energy per pulse generation for user experiments. All-inall the concept of the new radiation source is very similar
to an OK, but operating with two beams simultaneously.

INTRODUCTION

To achieve the very high pulse energies, at the abovementioned repetition rates a new configuration of the
photon source is proposed. The new architecture is necessary since no other existing electron beam-based photon
generation schemes can provide the required combination
of the high pulse energy and repetition rate. In the scheme
proposed here an electron beam with a longitudinally
modulated density will be used to generate coherent undulator radiation.
We suggest to achieve the necessary longitudinal density modulation of the electron beam with the help of a
scheme similar to the one used in Optical Klystron FEL
OK [1] or High Gain Harmonic Generation FEL [2]. Operation of such a photon source will require the modulating optical beam, tunable, essentially, in the whole frequency range of the source - 0.1 to 30 THz, with sufficient high peak power. With suggest that such sources can
be realized as an FEL oscillator. Moreover, it is proposed
that the intra-cavity optical pulse of the oscillator should
be used for the energy modulation of the electron beam.
This will allow to significantly relax the requirements on
the oscillator and on the electron beam required to drive
___________________________________________
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it. It will be shown, in later section of this contribution,
that the required FEL oscillator can be operated with the
electron beam with the bunch charge of 100 pC. To keep
the optical resonator length easily manageable for the
facility, the oscillator can be operated with the bunch
frequency of about 10 MHz. The combination of the
bunch charge of 100 pC and the repetition rate of the 10
MHz would require a CW accelerator system with average current of about 1 mA, which is comfortably within
the capabilities of the accelerator system presently used at
HZDR by the Radiation Source ELBE.
It can be shown, that to satisfy the requirements of the
high pulse energy, the beam used for the IR-THz generation for user experiments will have to be operated with
the bunch charge significantly higher than the 100 pC
necessary for the seeding oscillator. It is suggested to
operate such beam with the bunch charge approximately
10 times higher, i.e., at 1 nC, or higher, when allowed by
electron gun technology. For higher reliability, easier
tuning and optimization of such a radiation source, it is
proposed that the 100 pC beam and 1 nC beam should be
generated by two separate electron sources. However,
single SRF LINAC can be used to accelerate the two
beams to the final beam energy. The repetition rate of
high bunch charge beam can be as high as 1 MHz. The
minimal repetition frequency of the high charge beam can
be arbitrary low, with the only condition that it must be a
subharmonic of the repetition frequency of the beam in
the FEL oscillator-modulator.
The undulator based source will provide a relatively
narrow-band multi-cycle radiation pulses. In parallel to
such a source the new facility would also operate a
broadband few-cycle THz source. This source will be
based either on a coherent diffraction radiation CDR, or
on the coherent synchrotron radiation (CSR) from a single
bend magnet. To provide high pulse energy this source
would be operated by the beam from the high bunch
charge 1 nC electron gun. The continuous pulse train from
the high bunch charge electron gun can be split in to two
beams of equal repetition rate with the help of a resonant
RF separator. One of these beams will be used for the prebunched super-radiant undulator source. The second beam
from downstream of the RF separator will be compressed
longitudinally in an optimal way to provide higher peak
current and used to generate the few-cycle THz pulses.

SUPERRADIANT UNDULATOR SOURCE
The intensity of coherent undulator radiation, as of any
other coherent radiation mechanism, can be expressed as
𝐼 (𝜔) = 𝐼 (𝜔) ∙ 𝑁 ∙|𝑓 (𝜔)|

(1)
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SIMULATION STUDIES FOR A EEHG SEEDED FEL IN THE XUV ∗
V. Grattoni† , B. Faatz, G. Paraskaki, S. Ackermann, R. W. Assmann, C. Lechner, J. Zemella,
M. M. Kazemi, T. Lang, DESY, 22607 Hamburg, Germany
W. Hillert, University of Hamburg, 22671 Hamburg, Germany
S. Reiche, PSI, Forschungsstrasse 111, 5232 Villigen, Switzerland
Abstract
Echo-enabled harmonic generation (EEHG) is a promising technique for seeded free electron lasers (FELs) not
only to go down to wavelengths of 4 nm but also to simplify the schemes that are currently used to achieve a similar
wavelength range (double cascade HGHG). Thus a study
optimizing the EEHG performance in the wavelength range
from 60 to 4 nm has been performed. The more critical working point, at 4 nm, is here analyzed in terms of seed laser
stability for two different seed laser frequencies: visible and
UV.

Figure 1: Layout for the FLASH 2020+ upgrade.

This is a preprint — the final version is published with IOP

INTRODUCTION
FLASH is the free-electron laser in DESY, Hamburg [1].
It is in operation since 2005, delivering self-amplified
spontaneous emission (SASE) radiation down to 4 nm to
user-experiments. FLASH has three beamlines: FLASH1,
FLASH2 and FLASHForward. Simultaneous operation
between FLASH1 and either FLASH2 or FLASHForward is
possible [2]. In addition, the sFLASH (seeding at FLASH)
experiment [3], is installed upstream of the fixed gap
undulator in FLASH1.
In this paper we will focus on the seeding upgrade of
the FLASH1 beamline presented in [4], in this frame both
HGHG and EEHG schemes are foreseen. Therefore to
design the beamline is necessary to estimate the effects
induced by collective effects on the electron beam, like
ISR and CSR, and limitations driven by energy chirps.
On the other hand the decision on the seed laser to use
will require studies on: laser stability, maximum power
available, damage threshold for the optics and beam quality.
In this paper we are going to study the performance of the
FEL depending on the stability of the seed laser power for
the generation of 4 nm. Further studies are necessary for
the other important aspects regarding the seed laser and the
electron beam.
∗
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The considerations presented in this paper are based
on the framework of the DESY2030 strategy program In
particular the upgrade to seeding for the FLASH1 beamline.

FLASH2020+ UPGRADE
Figure 1 shows the layout for the planned upgrade for
FLASH. It includes the installation of a laser heater, an
energy upgrade and new undulators in FLASH2 for more
advanced FEL concepts [5, 6].
On the other side, FLASH1 will be operated in seeding
mode with wavelength range between 60 and 4 nm. The
present fixed gap undulators will be replaced by variable
gap helical undulators. For seeding, two planar undulators, each followed by a magnetic chicane composed by four
dipoles, will be installed before the radiator section. The
first chicane having significantly higher longitudinal dispersion compared to the second for the echo-enabled harmonic
generation scheme (EEHG).
In order to achieve the wavelength range required by the
photon science community, two working points with different electron beam energy are proposed: 0.75 GeV and
1.35 GeV. The HGHG scheme will be used to generate
wavelengths between 60 nm and 30 nm and the EEHG for
wavelengths from 30 nm to 4 nm.
The final decision on the seed laser wavelength to use
for the seeding is still pending, the candidates are in the
ultra-violet (uv), tunable in the range 294 and 327 nm, and
in the visible (vis), tunable in the range 413 and 480 nm. In
this paper we compare the performance of both cases at the
most demanding wavelength of 4 nm.

SEEDING SCHEMES AND MOTIVATION
In this section we are going to give a fast overview on
the seeding techniques considered for FLASH upgrade:
HGHG and EEHG. We present the proposal to use these
different seeding schemes to achieve different seed laser
wavelengths with considerations on the bunching factor. The
bunching factor b characterizes the FEL power PF E L ≈ |b| 2 .

EEHG and HGHG Mechanism
The HGHG scheme needs only one modulator-chicane
section and is well described in the paper [8]. We just recall
here the bunching factor formula:


1 2 2
ba H = exp − B a H Ja H (−ABa H )
(1)
2
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CRYOGENIC, IN-VACUUM MAGNETIC MEASUREMENT SETUP FOR
SUPERCONDUCTING UNDULATORS
A. W. Grau†, S. Casalbuoni, N. Glamann and D. Saez de Jauregui, Institute for Beam Physics
and Technology, Karlsruhe Institute of Technology, Karlsruhe, Germany
Abstract
The magnetic field quality has a strong impact on the
performance of insertion devices (IDs) when installed in
synchrotron light sources. Superconducting IDs have the
advantage to produce a higher magnetic peak field for a
given vacuum gap and period length than IDs assembled
with permanent magnets. Before installation of a superconducting ID in a synchrotron light source it is of fundamental importance to characterize the magnetic properties by
accurate field and field integral measurements. We follow
this aim within our R&D program for superconducting undulators (SCUs).
In this contribution, we describe the equipment and the
challenges of a cryogenic, in-vacuum measurement setup
to perform magnetic measurements of the local field, the
field integrals and the multipole components of SCUs assembled in the final cryostat.

INTRODUCTION
The technology of insertion devices (IDs) is widely used
in state-of-the-art synchrotron radiation sources to produce
high brilliant photon beams for numerous applications [1].
Competing technologies to generate the periodically alternating magnetic field distribution are arrangements of permanent magnet blocks, or iron yokes wound with superconducting wires. For a given vacuum gap and period
length, the superconducting technology allows to increase
the flux and brilliance with respect permanent magnet technology.
At the Institute for Beam Physics and Technology
(IBPT) at the Karlsruhe Institute of Technology (KIT) there
is a well-established long-term R&D program ongoing to
develop superconducting insertion devices together with
the industrial partner Bilfinger Noell GmbH (BNG) [2].
After the successful test of a full-scale superconducting undulator with 15 mm period length (SCU15) in the KIT synchrotron [3], a new full-scale device with 20 mm period
length (SCU20) has been installed in December 2017 [4].
Before installation in the final cryostat, the superconducting coils of SCU20 were tested in terms of electrical performance and magnetic field characterization in the horizontal, cryogen-free magnetic field measurement setup
CASPER II at the IBPT at KIT [5]. A further step forward
in the qualification of superconducting IDs is the magnetic
field characterization of the coils in the final ID cryostat.
In this contribution, we describe a new, in-vacuum, cryogenic magnetic measurement setup to perform magnetic
qualification of SCUs in the final cryostat.
___________________________________________
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MEASUREMENT SETUP
After testing of superconducting coils in laboratory conditions, they are mounted in the final cryostat, which later
is installed in a synchrotron radiation source. Typically, the
cryostat of a superconducting ID such as a SCU has a shelllike structure consisting of an outer isolation vacuum vessel at room temperature, intermediate temperature shields
at ~50-70 K and below 10 K, to thermally screen the coils
(Fig. 1). The ultra-high vacuum (UHV) of the electron
beam is separated from the isolation vacuum, where the
coils are placed, by a so-called liner, made for the
KIT-NGSCUs out of a 300 µm thin stainless-steel foil.
Since the new measurement setup will be attached to the
UHV chamber of the SCU, and will have the possibility to
be adapted to different IDs, all measurement components
are designed for UHV environment.
Based on the operating experiences with the CASPER II
system, three techniques to measure the magnetic properties of a SCU will be combined in the new setup:
 Local field mapping along the magnetic axis by a Hall
sensor, which can be used for vacuum gaps > 5 mm.
 A stretched wire to perform a fast measurement of the
longitudinal field integrals profiles by the pulsed wire
technique. After removal of the dispersion effects, this
might substitute in the future the Hall sensor mapping,
allowing to access smaller vacuum gaps (< 3 mm).
 Moving stretched wire technique to precisely determine the values for the first and second field integral
of the SCU, and to adjust correction coil currents to
minimize the field integrals.
Figure 1 shows the design drawing of the measurement
components mounted in UHV chambers and attached to a
SCU vacuum vessel with superconducting coils. In the final arrangement, the support structure of the coils maintains the vacuum-gap height of 7 mm. The first ID to be
measured will be the SCU15 mentioned before.

Local Field Measurement Components
For local field measurements one Hall sensor, calibrated
at low temperatures, is mounted on a sledge
(70 mm x 30 mm x 3.5 mm), and guided along the whole
length of the magnetic structure by a 2 m long accurately
machined guiding rail (Fig. 2).
Both components are manufactured out of ceramic material to be suitable for UHV applications, very stable, nonmagnetic, and to avoid impacts of different shrinking. In
the SCU15 the guiding rail is laying on the bottom surface
of the liner, which separates the isolation vacuum from the
UHV. In new undulator types as SCU20 the spacer in the
liner, which defines the vacuum gap, can be used to guide
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DESIGN STUDIES OF A PROOF-OF-PRINCIPLE EXPERIMENT ON THz
SASE FEL AT PITZ∗
X.-K. Li† , M. Krasilnikov, P. Boonpornprasert, H. Shaker, Y. Chen, J. Good, M. Gross,
H. Huck, I. Isaev, C. Koschitzki, S. Lal, O. Lishilin, G. Loisch, D. Melkumyan, R. Niemczyk,
A. Oppelt, H. Qian, G. Shu, F. Stephan, G. Vashchenko, DESY, Zeuthen 15738, Germany

Abstract
A free-electron laser based THz source is undergoing design studies at the Photo Injector Test facility at DESY in
Zeuthen (PITZ). It is considered as a prototype for pumpprobe experiments at the European XFEL, beneiting from
the fact that the electron beam from the PITZ facility has
an identical pulse train structure as the XFEL pulses. In the
proposed proof-of-principle experiment, the electron beam
(up to 4 nC bunch charge and 200 A peak current) will be accelerated to 16-22 MeV/c to generate SASE radiations in an
LCLS-I undulator in the THz range between 60 and 100 µm
with an expected energy of up to ∼1 mJ/pulse. In this paper, we report our simulations on the optimization of the
photo-injector and the design of the transport and matching
beamline. Experimental investigations on the generation,
characterization and matching of the high charge beam in
the existing 22-m-long beamline will also be presented.

This is a preprint — the final version is published with IOP

INTRODUCTION
As more user beamlines are put into use at the European
X-ray free-electron laser facility (EuXFEL), pump-probe
experiments will play an important role in many research
frontiers in biology, chemistry and materials, etc [1, 2].
Among those researches are the THz-pump X-ray-probe experiments, in which a THz pulse is used to excite a sample
and a following X-ray pulse to detect the reaction of the
sample to the THz pulse [3]. To provide the THz pump,
proposals have been made at EuXFEL, for instance, by injecting the used electron beam into a super-conducting THz
undulator [4]. Another promising idea is to put a separate
PITZ-like photo-injector near the user hall to drive the THz
source [5]. The advantages are: 1) it can produce the identical electron bunch train (thus THz pulse train) as the Xray pulses at EuXFEL; 2) the electron beam has moderate
energy so no large beam dump is needed and 3) it can be
installed near the user hall and thus is lexible in terms of
the THz transportation. Previous simulation studies [5–8]
showed that milli-joule level THz SASE radiations could
be generated from 4 nC electron bunches with 200 A peak
current in Apple-II or similar undulators. Currently, proofof-principle experiments funded by the EuXFEL are taking
place at PITZ by using the existing PITZ beamline extended
with an LCLS-I undulator module. In this paper, we will
report the progress of this project, including a start-to-end
simulation study based on the proposed beamline and experimental investigations on the generation, characterization,
∗
†
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transport and matching of the high charge, high peak current beam in the existing beamline.

SIMULATIONS
The photo-injector at PITZ consists of an L-band photocathode RF gun, solenoids for emittance compensation,
an L-band booster cavity and many correction and focusing magnets with a total length of 22 m [9]. It will be extended with one LCLS-I undulator (see Table 1) located at
27.5 m from the photocathode to generate SASE radiations.
Since the beam emittance is not critical for FELs in the THz
range, our major attention has been paid to the peak current and the energy spread [6]. While a higher peak current
means higher FEL gain, a smaller energy spread means easier beam transport as well as higher FEL gain. Considering
these facts the photo-injector is irst optimized for the peak
current and the energy spread and then two triplets are selected for the beam transport. In addition, the very strong
focusing forces in the vertical plane in the small vacuum
chamber (11 mm width and 5 mm hight) of the LCLS-I undulator posts another challenge. To avoid beam loss to the
wall, the transverse phase spaces should be matched properly. Therefore, another two triplets will be installed before
the undulator and their gradients need to be optimized.

Start-to-End Simulation
The capability of lattop laser shaping has been demonstrated before at PITZ [9] and here we assume a lattop laser
of 21.5 ps in full-width-half-maximum (FWHM). Such a
long pulse will relieve the space charge force and is favorable for generating high peak current. The laser spot size at
the photocathode can be changed by a tunable beam shaping
aperture (BSA). The highest achievable gun gradient of 60
MV/m is taken into account to suppress the mirror charge
during emission. With this gun gradient, the beam momentum out of the booster is around 22 MeV/c, corresponding
to a radiation wavelength of 60 µm in the LCLS-I undulator. In this paper, we however tune the parameters for the
nominal wavelength of 100 µm (3 THz in frequency) and
the correponding beam momentum is 17.05 MeV/c.
At the bunch charge of 4 nC, the laser spot size, the
accelerating phases in the gun and in the booster with respect to the maximum mean momentum gain (MMMG)
phase as well as the solenoid current were optimized by
the diferential-evolution (DE) algorithm [10] with the particle tracking code Astra [11] in such a way that the energy
spread was minimized at the undulator center while keeping
the beam emittance relatively small (e.g., ∼ 4 mm mrad). It
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COLLIMATOR PERFORMANCE STUDY AT THE EUROPEAN XFEL
S. Liu†, F. Brinker, W. Decking, L. Froehlich, N. Golubeva, T. Wamsat, J. Wilgen
DESY, Hamburg, Germany
Abstract
Beam halo collimation is of great importance for the
high repetition rate operation at the European XFEL and
for the future CW machines. At the European XFEL several different types of collimators are installed at different
locations of the beam line, which include the gun collimators, the bunch compressor collimators, and the main and
supplementary collimators in the collimation section.
Beam halo measurements have been performed using the
wire scanners downstream of the main linac, which show
that large part of beam halo is collimated by the gun collimator. Remaining losses in the collimation section are
mainly due to misalignment. Alignment using orbit
bumps in the collimation section is performed and presented in this paper.

can block main part of the dark current at low energy of 6
MeV and avoid high energy radiation and activation of
components. After the injector, in the three bunch compressor (BC) chicanes, three collimators are installed for
energy halo collimation. These collimators constitute two
bars (upper and lower), which can be moved separately
(see Fig.1 bottom middle). The positions of these collimators depend on the compression setup (R56) [5].
After the linac, a ~200 m long collimation section (CL
section) [6], with four main (COLM) and three supplementary (COLS) collimators, is dedicated to collimate the
dark current from the linac, beam halo and off-energy
particles. The specifications of the above mentioned collimators are summarized in Table 1.
Table 1: Collimator Specifications

INTRODUCTION
The European XFEL (EuXFEL) operates with a 10 Hz
RF gun and a superconducting linac with a maximum
repetition rate of 4.5 MHz (27000 bunches/s) and a maximum beam power of more than 500 kW [1-4]. The layout
of the EuXFEL is shown in Fig.1 (top). In the future, the
EuXFEL is planned to be upgraded to CW operation
mode. The long-term stable operation of the facility relies
on the control of beam losses and exposure to dark current, which may cause radiation damage of different components in the beam line (e.g. undulators). Therefore, it is
crucial to collimate the dark current and beam halos generated in the gun and along the ~ 1.7 km long linac.

Figure 1: Schematic layout of European XFEL beam line
(top) with the gun collimator (bottom left), the bunch
compressor collimator (bottom middle) and the main
collimator in the collimation section (bottom right).
At the European XFEL several different types of collimators are installed at different locations of the beam line.
For the gun dark current and beam halo collimation, two
plates (11 mm thick) are installed after the gun (see Fig.1
bottom left): one with Ø 2-8 mm variable apertures and
another one with fixed Ø 8 mm aperture. These two plates

Location

Geometry

Thickness/length

Material

Gun

Ø 2-8 mm
holes

11 mm

Cu

BC

Upper and
lower bars

35 mm/75 mm

Cu

COLM

Ø 4,6,8,20
mm holes

0.5 m

Ti
alloy

COLS

Ø 10 mm
holes

1m

Al

First beam halo1 measurements using the wire scanners
(WS) [7] have been performed before and after the CL
section and reported in Ref. [8]. The same method for
beam halo measurements is used in this paper to study the
performance of the gun collimator. Then, the beam loss
map in the CL section is presented followed by the alignment of the beam with respect to the collimators using the
orbit bump tool.

GUN COLLIMATOR PERFORMANCE
During the commission of the EuXFEL, we have noticed that a single plate of collimator is not sufficient for
the gun dark current collimation, and the secondary particles generated during the collimation can still be transported downstream. Therefore, in the end of 2017, another plate with variable apertures is installed upstream of
the fixed aperture plate and it is in operation in the beginning of 2018. After adding this plate, we have observed
significant improvement of dark current and beam halo
collimation.
By beam halo, we mean the projected beam distribution beyond ±3σ.
Since it is the projected beam distribution, it can be the bunch tails
which is tilted.
1
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STATUS OF THE EUROPEAN XFEL
W. Decking†, F. Brinker, L. Froehlich, R. Kammering, T. Limberg, S. Liu, D. Noelle, M. Omet,
M. Scholz, T. Wamsat, DESY, Hamburg, Germany
Abstract
The European XFEL is a Hard X-ray Free Electron Laser based on superconducting accelerator technology. In
operation since 2017, it now serves 3 FEL beamlines
simultaneously for user experiments. We will report on
the present operation of the linear accelerator, the beam
distribution to the various beamlines and the performance
of the FEL radiators.

FACILITY LAYOUT
The European XFEL aims at delivering X-rays from
0.25 to up to 25 keV out of 3 SASE undulators [1]. The
radiators are driven by a superconducting linear accelerator based on TESLA technology. The linac operates in
10 Hz pulsed mode and can deliver up to 2700 bunches
per pulse. Electron beams are distributed to the 3 different
beamlines within a pulse, thus being able to operate three
experiments in parallel.
The complete facility is constructed underground, in a
5.2 m diameter tunnel about 25 to 6 m below the surface
level and fully immersed in the ground water. The 50 m
long injector occupies the lowest level of a 7 story underground building that also serves as the entry shaft to the
main linac tunnel. Next access to the tunnel is about 2 km
downstream at the bifurcation point into the beam distribution lines. The beam distribution provides space for
5 undulators (3 being initially installed), each feeding a
separate beamline so that a fan of 5 almost parallel tunnels with a distance of about 17 m enters the experimental
hall 3.3 km away from the electron source.
The European XFEL injector consists of a normalconducting 1.3 GHz photo injector followed by a standard

superconducting 1.3 GHz accelerating module and a
3rd harmonic linearizer, consisting of a 3.9 GHz module –
also superconducting – containing eight 9-cell cavities. A
laser-heater, a diagnostic section and a high-power dump
complete the injector.
A three-stage bunch compression scheme is used to reduce both micro-bunching and the required 3.9 GHz voltage. All magnetic chicanes are tuneable within a wide
range of R56 to allow for flexible compression scenarios,
for instance balancing peak current and arrival time stability with LLRF performance. Diagnostic stations are
placed after the second and third compression stage.
The superconducting linear accelerator consists of
96 TESLA-type accelerator modules. Always 4 modules
are fed by one 10 MW multi-beam klystron. The accelerator modules are suspended from the ceiling, while the
complete RF infrastructure (klystron, pulse transformer,
LLRF electronics) is installed below the modules.
After the linac a collimation section protects downstream hardware in case of component failure and collimates halo particles [2].
Almost 2 km of electron beam line distribute the beam
to the SASE undulators SASE1 and SASE3 (‘North
Branch’) or SASE2 (‘South Branch’).
The electrons are distributed with a fast rising flat-top
strip-line kicker in one of the two electron beamlines.
Another kicker system is capable of deflecting single
bunches in a dump beamline. This allows for a free choice
of the bunch pattern in each beamline even with the linac
operating with constant beam loading. Figure 1 summarizes the accelerator layout.

Figure 1: Schematic overview of the European XFEL accelerator, switch yard and undulator beam lines.
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UNDULATOR RADIATION DOSE CAUSED BY SYNCHROTRON
RADIATION AT THE EUROPEAN XFEL
S. Liu†, DESY, Hamburg, Germany
Y. Li, F. Wolff-Fabris, XFEL.EU, Schenefeld, Germany

Abstract
Radiation damage of the undulators is a big concern for
the light sources. At the European XFEL (EuXFEL), dosimeters based on on-line Radfets are used for the undulator radiation dose measurements. However, since the Radfets are not only sensitive to the electrons and neutrons but
also to the photons, it can capture the synchrotron radiation
(SR) generated in the undulators, which is not considered
to be the main source for undulator radiation damage.
Therefore, it is important to estimate the contribution of
synchrotron radiation to the radiation doses measured by
the Radfets. For this purpose, we have first calculated the
synchrotron radiation profile using SPECTRA, and then
put the profile into the tracking code BDSIM to track it
through the whole undulator beam line. The radiation doses
from SR have been simulated and compared with the measured values. The differences in the radiation doses measured by the Radfets before and after Pb shielding will also
be presented.

INTRODUCTION

The European XFEL (EuXFEL) has started user operation since Sept. 2017 [1-4]. It operates in pulse mode with
a maximum repetition rate of 4.5 MHz (27000 bunches/s).
The maximum beam power that can be generated is more
than 500 kW. The high repetition rate and high power posse
big concern for the radiation damage of the undulators. To
monitor the radiation damage of the undulators, diagnostic
undulators (DU) are installed at the very beginning of the
three undulator systems (SASE1, SASE2 and SASE3). For
the radiation measurements, dosimeters based on on-line
Radfets are installed at each undulator segment [5].
It was previously reported that relative high undulator
doses have been measured especially in the DU [6]. However, previous studies have also shown that the high radiation dose and demagnetization of the DU is mainly due to
miss-steered beam hitting the vacuum chamber transition.
And the doses measured at the downstream undulators
were supposed to be due to the spontaneous synchrotron
radiation (SR) [7].
In this paper, we estimate the contribution of SR to the
undulator radiation doses. First, the synchrotron radiation
profile is calculated using SPECTRA [8], and then the profile is loaded into the tracking code BDSIM [9] to track it
through the undulators, from which the radiation doses in
the undulators have been recorded and compared with the
recently measured values. Finally, the differences in the radiation doses measured by the Radfets before and after Pb
shielding are presented.
___________________________________________
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SYNCHROTRON RADIATION CALCULATIONS
The spontaneous radiation generated in the undulators
has much larger divergence than the SASE. In the undulator system which is longer than 200 meters the SR beam
may expand wide enough to reach the vacuum chamber.
The powerful SR may interact with the vacuum chamber
and generate secondary radiation contribution to the undulator dose.
The doses from the SR are expected to be less harmful
than that from the electron beams. Nevertheless, it is necessary to evaluate the SR contribution to the doses. In order
to do so, we simulated the phase space of the undulator
spontaneous radiation using SPECTRA. The parameters
used in the simulations are from the European XFEL
SASE1 beam line, which are listed in Table 1.
Table 1: Parameters for the SR Simulations
Beam energy
14 GeV
Average current
1×10-10 A
Bunch charge
100 pC
Peak current
4 kA
Natural Emittance
2.336×10-11 mrad
Undulator period
40 mm
Undulator length
5m
Undulator parameter K
2.70304
1st harmonic photon energy
10 keV
First we simulated the total flux spectrum with respect
to the photon energy. Fig. 1 shows the simulation results.
It can be seen that the flux continuously drops until the 20th
harmonics. Therefore we simulated the flux density in the
phase space (x,x’,y,y’) at each harmonic below the 20th
harmonics.

Figure 1: The spectrum of the total SR flux with respect to
the photon energy.
In the far field approximation the transverse beam size
expands linearly with respect to the observer’s distance.
MC2: Photon Sources and Electron Accelerators
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TRIPLE PERIOD UNDULATOR
A. Meseck ∗ 1 , J. Bahrdt, W. Frentrup, M. Huck, C. Kuhn, C. Rethfeldt, M. Scheer and E. Rial,

Helmholtz Zentrum Berlin, Berlin, Germany, 1also at Johannes Gutenberg University Mainz, Germany

Abstract

Insertion devices are one of the key components of modern synchrotron radiation facilities. They allow for generation of radiation with superior properties enabling experiments in a variety of disciplines, such as chemistry, biology,
crystallography and physics to name a few. For future cutting edge experiments in soft and tender x-rays users require
high flux and variable polarization over a wide photon energy
range independent of other desired properties like variable
pulse length, variable timing or Fourier transform limited
pulses. In this paper, we propose a novel ID-structure, called
Triple Period Undulator (TPU), which allows us to deliver a
wide energy range from a few tens of eV to several keV at
the same beamline with high flux and variable polarization.
The TPU are particularly interesting in context of BESSY
III, the successor facility of BESSY II.

INTRODUCTION AND MOTIVATION

Synchrotron radiation is crucial for a variety of scientific
applications. Modern synchrotron radiation facilities, based
on linacs or storage rings utilize undulators to deliver radiation of variable polarization and wavelength according to the
experimental requirements. The fundamental wavelength
of the radiation generated in an undulator depends on the
electron beam energy, undulator period and undulator field
strength. For wavelength tuning, these parameters have to
be varied. Changing the beam energy is not an option for
storage rings, since all insertion devices in the ring are fed
with the same beam. A strong reduction of the magnetic field
strength can be easily facilitated by opening the undulator
gap. This results in a shorter radiation wavelength up to the
limit λ = λu /(2γ 2 ), where λu is the undulator period and γ
the Lorentz factor of the beam, but it also reduces the photon flux significantly. Short-period variable-gap undulators
with small minimum-gap offer a solution and are therefore
popular in modern storage rings. Their short period length
allows the generation of radiation with short wavelength
with moderate or low electron beam energies, while the high
field strengths obtained at the small minimum gaps enable
the generation of radiation with longer wavelengths. Thus,
they extend the photon spectrum for users in a cost efficient
manner. The state of the art devices for minimising period
length and maximising peak field strength with permanent
magent materials is the in-vacuum crryogenic permanent
magnet undulator (CPMU). Such devices are installed in
several synchrotron facilities such as Diamond Light Source
in the UK, Swiss Light Sources and SOLEIL in France,
delivering radiation in X-ray range.
∗
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Very recently, a 17 mm period CPMU with a 5.5 mm minimum operational gap (CPMU17) was installed in BESSY
II ring [1]. It was designed and built by HZB as a part of the
canted double undulator system for the new Energy Materials in-situ Laboratory (EMIL) at BESSY II [2]. EMIL is
also served by a 48 mm period APPLEII undulator (UE48),
built at HZB. The double undulator system covers an energy
range from 60 eV to 6000 eV.
UE48 provides radiation with variable polarization,
whereas the CPMU17 delivers radiation with a fixed polarization like the other already-existing in-vacuum cryogenic
undulators. In order to transfer the in-vacuum cryogenic
technology to devices with variable polarization, HZB has
developed the key components for an in-vacuum APPLE II
undulator in a dedicated R&D project [3, 4]. The fabrication
of a full scale in-vacuum APPLE II undulator with a period length of 32 mm (IVUE32) has been already launched
within the ATHENA project [5]. Although the IVUE32 is
a room temperature device, the layout is designed to facilitate the introduction of cryogenic magnets. Thus, it serves
as a prototype for the cryogenic in-vacuum APPEL device
envisaged in the ATHENA project. While the IVUE32 will
be installed in BESSY II storage ring, serving two Resonant inelastic X-ray scattering (RIXS-) and one microscopy
beamline, the planned cryogenic in-vacuum APPLE will be
installed in SINBAD center for short innovative bunches and
accelerators at DESY.
However, to meet the demands of future cutting-edge experiments in the soft and tender X-rays, variable polarized
high flux synchrotron-radiation with superior properties in
a wide energy range from a few tens of eV to several keV
has to be delivered to the same beamline. This is only possible, if the period length of an installed undulator can be
changed fast and without any interruption of the accelerator
operation. A fast and rather simple possibility for changing
the undulator period is provided by the so called revolver
type undulators [6–11]. Their period-changing mechanism
usually consists of a pair of pivot-mounted rotating cylinders, on which the magnetic structures with different period
lengths are mounted. An in-vacuum revolver type device
based on this concept was built already in 2003 [9]. Frequently, improved and optimized fixed polarization devices
of this type are being studied and constructed [7, 8, 10].
Recently, an in-air double APPLE II structure with period
lengths of 180 mm and 55 mm was built and installed at
the Canadian Light Source [11]. In this device, the magnet
structures are mounted side by side on a plate that can be
moved transversely on a stiff girder in order to change the
period length. This way, one avoids the phase and angular
errors due to the rotation mechanism, but has to deal with the
permanent presence of the full magnetic forces of the two
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CONSIDERATIONS FOR THE ULTRAHARD X-RAY
UNDULATOR LINE OF THE EUROPEAN XFEL
E.A. Schneidmiller∗ , V. Balandin, W. Decking, M. Dohlus,
N. Golubeva, D. Noelle, M.V. Yurkov, I. Zagorodnov
DESY, Hamburg, Germany
G. Geloni, Y. Li, S. Molodtsov, J. Pflueger, S. Serkez, H. Sinn, T. Tanikawa, S. Tomin
European XFEL GmbH, Schenefeld, Germany

Abstract

The European XFEL is a multi-user X-ray FEL facility
based on superconducting linear accelerator. Presently, three
undulators (SASE1, SASE2, SASE3) routinely deliver highbrightness soft- and hard- X-ray beams for users. There are
two empty undulator tunnels that were originally designed
to operate with spontaneous radiators in the range 20–90
keV. We consider, instead a possible installation of two FEL
undulators. One of them (SASE4) is proposed for operation
in a standard (7–25 keV) range as well as in ultrahard (25–
100 keV) regime. We discuss a possible location and length
of SASE4 undulator, beam dynamics, choice of undulator
technology, different operation modes (SASE and advanced
lasing concepts) etc.

INTRODUCTION

The European XFEL is a X-ray FEL user facility, based
on superconducting accelerator [1]. It provides ultimately
bright photon beams for user experiments since 2017. Two
hard X-ray undulators (SASE1 and SASE2) and one soft
X-ray undulator (SASE3) are presently in operation [2], see
Fig. 1. There are two empty undulator tunnels that were
originally designed [3] to host the undulators U1 and U2 (see
Fig. 1) to be used for generation of spontaneous undulator
radiation in the range 20–90 keV.
Recently, design studies have been initiated aiming at conceptual and technical designs of FEL undulator lines instead
of spontaneous radiators in the empty tunnels. One of the
options, requested by the user community, is an undulator
capable of generation of powerful X-ray radiation in the
ultrahard photon energy range, up to 100 keV. Realization
of such an option would rely on the unique features of the
European XFEL among other facilities of such kind, namely
the highest electron energy (17.5 GeV) and the longest tunnels. Note that the idea of using a SASE undulator for lasing
up to 90 keV instead of spontaneous radiators in one of the
empty tunnels was suggested and illustrated with numerical simulations in [4]. In this paper we perform extended
considerations of this option.

UNDULATOR LENGTH AND LOCATION

The hard and ultrahard X-ray undulator can be located
in the tunnel XTD3 (place for U1 in Fig. 1) or in XTD5
(place for U2). The planned lengths for the installation of
∗
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Figure 1: Layout of the European XFEL undulator tunnels.
the spontaneous radiators is 120 m in XTD3 and 140 m
in XTD5. It would be desirable to have a larger length for
SASE4 if it is supposed to lase up to 100 keV, and one can
consider alterations to the tunnel infrastructure and electron lattice. In particular, a more aggressive bending can be
considered at the end of XTD3, thus making about 200 m
in this tunnel available for the installation of the SASE4
undulator. Also, we discuss an installation of a bypass
line (as an alternative to the fresh bunch technique [4])
to avoid beam quality deterioration in SASE2 undulator
(see below).

EXPECTED PROPERTIES OF THE
ELECTRON BEAM
Electron beams with a high peak current, low emittance and energy spread are required for operation of shortwavelength FELs. This is especially important when we discuss a challenging range of photon energies, up to 100 keV.
We performed start-to-end simulations of the beam dynamics in the European XFEL accelerator (tools and methods
are described in [5]), and present here the results for 100 pC
bunches, accelerated to 17.5 GeV and transported to the
SASE2 undulator. The current, emittance, uncorrelated energy spread are presented in Fig. 2 as functions of a position
along the bunch length. One can see that slice parameters
in the bunch core are good: peak current is 5 kA, slice
emittance is below 0.3 mm mrad, and uncorrelated energy
spread is below 1 MeV. The latter parameter can degrade
if the bunches are transported through SASE2 undulator, it
can increase up to 3 MeV due to the quantum diffusion [6]
if SASE2 operates with fully closed gap. To fully decouple operation of SASE2 and SASE4, it would be desirable
to consider a bypass line (also wakefield effects would be
strongly reduced then).
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A CONCEPT FOR UPGRADE OF FLASH2 UNDULATOR LINE
B. Faatz, J. Hartl, E.A. Schneidmiller∗ , S. Schreiber, M. Tischer, M. Vogt,
W.Wurth, M.V. Yurkov, J. Zemella, DESY, Hamburg, Germany

Abstract

SASE Mode

FLASH is the first soft X-ray FEL user facility, routinely
providing brilliant photon beams for users since 2005. There
are plans to upgrade both existing undulator lines of this facility, FLASH1 and FLASH2. FLASH1 will mainly operate
in XUV range in seeding and SASE modes, while FLASH2
will use the standard SASE regime as well as new lasing
concepts aiming at production of brilliant photon beams on
the fundamental and harmonics down to 1 nm. In this paper we present a concept for FLASH2 upgrade, and discuss
different advanced options.

Self-Amplified Spontaneous Emission (SASE) is the main
operation mode that can be realized either in U1 (for longer
wavelengths) or in U2 (for shorter wavelengths) or in both
undulators tuned to the same wavelength (for intermediate
range). Due to a combination of undulators with two different periods it becomes possible to provide broad tunability
at a fixed electron energy, by an order of magnitude (to be
compared with a factor of three in the present undulator
of FLASH2). For two fixed electron energies, mentioned
above, the tunability range in SASE mode will be from 2.3
nm (Carbon K-edge) to 60 nm.

INTRODUCTION

FLASH is the soft X-ray FEL user facility with two undulator lines, FLASH1 and FLASH2. Upgrade plans for this
facility (FLASH2020+) are under discussions [1]. FLASH1
will mainly operate in XUV range in seeding and SASE
modes, while FLASH2 will use the standard SASE regime
as well as new lasing concepts.
Two main goals of FLASH2 upgrade are:
• to extend photon energy range with the aim to reach
Oxygen K-edge (540 eV) on the fundamental, and 1
keV with the help of special lasing schemes;
• to provide a variety of advanced options for user experiments: polarization control, two color mode of
operation, attosecond option etc.

In order to reach these goals, the layout of FLASH2 FEL
line, shown in Fig. 1, is proposed. Main undulator consists
of two sections U1 and U2 with different undulator periods
and separated by delay chicane. Undulators are of APPLEtype providing full polarization control. The choice of this
technology in combination with two different undulator periods allows for a great flexibility in terms of wavelength
range, operation modes, polarization control, improvement
of longitudinal coherence.

OPERATION MODES

For calculation of undulator lengths and possible photon
energy ranges we use slice parameters of the electron beam
simulated for the bunch charge of 100 pC (see [2]): peak
current 2 kA, core slice emittance 0.4 mm*mrad, uncorrelated energy spread 250 keV. Nominal electron energy after
refurbishment of the accelerator modules will be 1.35 GeV;
to increase an accessible range of photon energies, we also
consider 0.75 GeV as a second standard energy. Undulator
parameters of U1 and U2 are presented in Fig. 1, the undulator gap is assumed to be 8 mm. Let us discuss different
operation scenarios of FLASH2 undulator line.
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Harmonic Lasing and HLSS FEL
Harmonic lasing in single-pass high-gain FELs [3–6] is
the FEL instability at an odd harmonic of the planar undulator developing independently from lasing on the fundamental. Contrary to nonlinear harmonic generation (which
is driven by the fundamental in the vicinity of saturation)
harmonic lasing can provide much more intense, stable, and
narrow-band FEL beam. The most attractive feature of saturated harmonic lasing is that the brilliance of a harmonic is
comparable to that of the fundamental. Although known theoretically for a long time, harmonic lasing in high-gain FELs
was not demonstrated experimentally until the pioneering
experiments at FLASH2 in which the so-called Harmonic
Lasing Self-Seeded FEL (HLSS FEL) [6, 7] worked in the
range 4.5 - 15 nm [8].
For harmonic lasing operation, undulators (U1 and U2)
should be tuned to linear polarization mode. Suppression of
the fundamental (necessary for harmonic lasing) is achieved
by two methods simultaneously: switching between the 3rd
and the 5th harmonics [9, 10] and using phase shifters [5, 6].
One can also use spectral filtering method [6] by putting a
filter into a delay chicane (see Fig. 1). Operation between
1 nm and 2 nm for 1.35 GeV will be possible. In case of
HLSS the range would be 2-6 nm for 1.35 GeV and 6-20 nm
for 0.75 GeV.

Reverse Tapering with Harmonic Afterburner
Reverse undulator tapering is a relatively new concept [11]
to be used for polarization control in X-ray FELs. This technique allows to strongly suppress radiation intensity at the
exit of the main (planar) undulator while preserving strong
microbunching of electron beam that produces radiation with
a required polarization pattern in a variably polarized afterburner undulator. The concept is routinely used at LCLS [12]
and was successfully tested at FLASH2 [13]. Moreover, the
afterburner can be tuned to a harmonic of the main undulator; this option was also demonstrated at FLASH2 [14].
Polarization control at wavelengths above 2 nm can be done
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HARMONIC LASING OF THE EUROPEAN XFEL IN THE ÅNGSTRÖM
REGIME
E.A. Schneidmiller∗ , F. Brinker, W. Decking, D. Noelle, M.V. Yurkov, and I. Zagorodnov,
DESY, Hamburg, Germany
N. Gerasimova, J. Gruenert, J. Laksman, Y. Li, J. Liu, N. Kujala, Th. Maltezopoulos,
I. Petrov, L. Samoylova, S. Serkez, H. Sinn, and F. Wolff-Fabris
European XFEL GmbH, Schenefeld, Germany

Abstract
Harmonic lasing is an opportunity to extend the photon energy range of existing and planned X-ray FEL user facilities.
Contrary to nonlinear harmonic generation, harmonic lasing
can provide a much more intense, stable, and narrow-band
FEL beam. Another interesting application is Harmonic
Lasing Self-Seeding (HLSS) that allows to improve the longitudinal coherence and spectral power of a Self-Amplified
Spontaneous Emission (SASE) FEL. This concept was successfully tested at FLASH in the range of 4.5 - 15 nm and
at PAL XFEL at 1 nm. In this contribution we present recent results from the European XFEL where we successfully
demonstrated operation of HLSS FEL at 5.9 , thus pushing
harmonic lasing for the first time into the ngström regime.

INTRODUCTION

Successful operation of X-ray free electron lasers (FELs)
down to the ngström regime opens up new horizons for
photon science. Even shorter wavelengths are requested by
the scientific community.
One of the most promising ways to extend the photon
energy range of high-gain X-ray FELs is to use harmonic
lasing, which is the FEL instability at an odd harmonic of
the planar undulator [1–5] developing independently from
the lasing at the fundamental. Contrary to the nonlinear
harmonic generation (which is driven by the fundamental
in the vicinity of saturation), harmonic lasing can provide
much more intense, stable, and narrow-band radiation.
Another interesting option, proposed in [5], is the possibility to improve spectral brightness of an X-ray FEL by
the combined lasing on a harmonic in the first part of the
undulator (with an increased undulator parameter K) and on
the fundamental in the second part of the undulator. Later
this concept was named Harmonic Lasing Self-Seeded FEL
(HLSS FEL) [6].
Harmonic lasing was initially proposed for FEL oscillators
[7] and was tested experimentally in infrared and visible
wavelength ranges. It was, however, not demonstrated in
high-gain FELs and at a short wavelength until the successful
experiments [8] at the second branch of the soft X-ray FEL
user facility FLASH [9,10] where the HLSS FEL operated in
the wavelength range between 4.5 nm and 15 nm. Later, the
same operation mode was tested at PAL XFEL at 1 nm [11].
In this paper we report on recent results from the European
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XFEL [12] where we successfully demonstrated operation
of HLSS scheme at 5.9 .

HARMONIC LASING
Harmonic lasing in single-pass high-gain FELs [1–5] is
the amplification process in a planar undulator of higher
odd harmonics developing independently of each other (and
of the fundamental) in the exponential gain regime. The
most attractive feature of the saturated harmonic lasing is
that the spectral brightness (or brilliance) of harmonics is
comparable to that of the fundamental [5]. Indeed, a good
estimate for the saturation efficiency is λw /(hLsat,h ), where
λw is the undulator period, h is harmonic number, and Lsat,h
is the saturation length of a harmonic. At the same time,
the relative rms bandwidth has the same scaling. In other
words, reduction of power is compensated by the bandwidth
reduction and the spectral power remains the same.
Although known theoretically for a long time [1–4], harmonic lasing in high-gain FELs was not considered for practical applications in X-ray FELs. The situation was changed
after publication of ref. [5] where it was concluded that the
harmonic lasing in X-ray FELs is much more robust than usually thought, and can be effectively used in the existing and
future X-ray FELs. In particular, the European XFEL [13]
can greatly outperform the specifications in terms of the
highest possible photon energy: it can reach 60-100 keV
range for the third harmonic lasing. It was also shown [14]
that one can keep sub-ngström range of operation of the
European XFEL after CW upgrade of the accelerator with a
reduction of electron energy from 17.5 GeV to 7 GeV. Another application of harmonic lasing is a possible upgrade
of FLASH with the aim to increase the photon energy up to
1 keV [15].

HARMONIC LASING SELF-SEEDED FEL
A poor longitudinal coherence of SASE FELs stimulated
efforts for its improvement. Since an external seeding seems
to be difficult to realize in X-ray regime, a so called selfseeding has been proposed [16, 17]. There are alternative
approaches for reducing bandwidth and increasing spectral
brightness of X-ray FELs without using optical elements.
One of them was proposed in [5], it is based on the combined
lasing on a harmonic in the first part of the undulator (with
increased undulator parameter K) and on the fundamental in
the second part. In this way the second part of the undulator
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OPTICS & COMPRESSION SCHEMES FOR A POSSIBLE FLASH
UPGRADE
J. Zemella∗ , M. Vogt, 22607 Hamburg, Germany

Abstract

The proposed FLASH upgrade will rely on high quality
electron beams provided to all undulator beam lines. Here
we describe possible modifications to the FLASH lattice and
the compression scheme that aim at improving the beam
quality and the ability to control critical beam properties
along the machine — simultaneously and independently for
all beam lines.

INTRODUCTION

FLASH, a “Free eLectron LAser in Hamburg” is a user
facility for ultra bright light pulses in the vacuum ultra violet (VUV) and soft X-ray wavelength regime [1, 2]. The
currently covered wavelength range is from 60 nm to 4.2 nm.
The accelerator serves two free electron laser (FEL) beam
lines, FLASH1 and FLASH2. FLASH1 is equipped with
fixed gap undulators of about 30 m length while FLASH2
has variable gap undulators of about the same length [3].
This implies that a FLASH1 wavelength change requires a
change of the global beam energy, while at the same time
at FLASH2 this energy change is not needed and even unwanted, and is thus a major cause of set up time for transition
between experiments. The user facility FLASH is in operation since 2008 but the FLASH1 undulators have been
installed already in the times of the TTF2 test facility and
need to be replaced by variable gap undulators. A major
upgrade is currently planned to significantly improve the
FEL performance and operability of FLASH. Moreover a
slight energy upgrade will be achieved by replacing two old
accelerating modules by new ones with higher average gradient and thereby increasing the final energy from 1230 MeV
to 1350 MeV. To cover the aimed spectral range of 60 nm
down to 3 nm in the fundamental for SASE operation in
FLASH2 beam line [4], two energy setpoints are foreseen:
one setpoint at medium energy of 750 MeV and one at the
highest possible energy of 1350 MeV.
The two FEL beam lines will be modified to facilitate
modern FEL modes (FLASH1: external seeding, FLASH2:
harmonic lasing, self-seeding, etc.). A key prerequisite to
these advanced lasing schemes is high quality electron beam.
This article highlights the modifications of the bunch compression schemes required to provide such beams.

LATTICE MODIFICATIONS

As mentioned above, two accelerating modules will be
replaced with new ones with higher accelerating gradient
(see Fig. 1). This leads to a 100 MeV higher energy setpoint
than before: i.e. 550 MeV for the second bunch compression
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chicane (BC). The two modules are located between the
first and the second BC. They are equipped with a single
quadrupole each instead of the quadrupole doublet of the
current modules.
The beam from the photo injector is extremely cold. Such
cold beams are explicitly prone to coherent synchrotron
radiation (CSR) and longitudinal space charge (LSC) driven
micro bunching instabilities. It is assumed that high quality
beams imply that micro bunching effects are to a large extent
precluded. I.p. seeded FEL operation requires a laser heater
(LH)[5]. Thus in the current design a LH, which is capable
of generating an energy modulation of up to 35 keV, will
be located upstream of the first BC. The required space
for the LH implementation is realized by moving the first
BC downstream by a couple of meters and shortening its
downstream matching section.
Reducing the R56 (longitudinal dispersion) of the first BC
to about 50 mm would symmetrize the constraints on amplitude and phase errors for minimal timing and compression
jitter [6]. However, even with a third BC installed, the compression factor of the first BC has to be between 4 − 10 (see
Table 2) to obtain the required peak currents. On the other
hand, reducing the R56 at constant compression and energy
implies a larger chirp and nonlinearity from the upstream RFmodule, and thus increased amplitude of the 3rd harmonic
longitudinal linearizer ACC39. We could however reduce
the bend angle of the 1st BC from 18° (R56 ∼180 mm) to 16°
(R56 ∼140 mm) within the current vacuum chamber and in
the limits of the ACC39 amplitude. The section between the
1st BC and the second acceleration section will be dedicated
to matching of the transverse envelope from the injector
into the regular lattice. This includes four screen station for
measuring the mismatch and the projected beam emittance.
In order to accommodate measurement and matched beam
transport in the shortened beam line, the optics has to be
switchable between measurement mode and transport mode.
The second BC will be converted from an s-type (6
dipoles) chicane to a c-type (4 dipoles) chicane with almost
the same bend angle 5° (R56 ∼75 mm). Thereby a couple
of meters are freed to implement a multi quadrupole scan
matching section for the transverse envelopes.
The lattice of the main linac (four modules) remains unchanged.
The FLASH1 beam line will not have any dogleg until
downstream of the undulators. The FLASH2 beam line
will keep its current extraction arc with a global horizontal
angle of 12◦ . Each FEL beam line will be equipped with a
third independent c-type BC. This is advantageous because
firstly the final compression (almost full compression) is
applied at highest possible beam energy, and secondly (in the
case of FLASH2) because the final compression is applied
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UPGRADE PLANS FOR FLASH FOR THE YEARS AFTER 2020
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Abstract

FLASH is a unique superconducting soft X-ray freeelectron laser (FEL) capable of producing up to 8000 photon
pulses per second. A substantial upgrade is planned to keep
FLASH a state of the art FEL user facility. The current upgrade scenario according to the FLASH 2020+ conceptual
design report is discussed.

INTRODUCTION

The superconducting free-electron laser user facility
FLASH [1–3] at DESY in Hamburg routinely delivers several thousand high brilliance XUV and soft X-ray photon
pulses per second. The user facility FLASH is in operation
since 2005 and since 2014 the bunch train from the superconducting linac can be split between the original FLASH1
undulator beamline and a new second beamline FLASH2.
In the following, the terms FLASH1 and FLASH2 will refer
to these beamlines while the term FLASH will either refer
to the complete FLASH facility or the common injector and
linac complex of FLASH whenever the context makes this
abbreviation non-ambiguous. A detailed overview of the
history and the technical evolution of FLASH can be found
in [4, 5] and a more detailed description of the layout can
be found in [6, 7].
In 2016 a signiﬁcant Mid Term Refurbishment Program
was started for FLASH. Its program will persist for the next
years. As part of the DESY strategy process DESY 2030
[8] that was initiated 2016, a second substantial upgrade,
FLASH 2020+ was proposed [9]. In April 2019 the internal
conceptual design report (CDR) for FLASH 2020+ [10]
was ﬁnalized. In the following, we brieﬂy summarize the
accelerator related aspects of the FLASH 2020+ CDR.

MID TERM REFURBISHMENTS

A refurbishment program was initiated to replace aged
and outdated equipment, to adapt the diagnostic hardware to
the changed constraints due to low charge operation, and to
start implementing upgrades essential to a modern FEL user
facility. As an example, the electron beam diagnostics was
designed for bunch charges of >1 nC, but FLASH is now
routinely operated with 300 pC or less. The refurbishment
consists of various items of diﬀerent impact and complexity
and is not yet completed in all its aspects.

Already Implemented / Started

FLASH2 was equipped with beam position monitor
(BPM) electronics suitable for low charge operation already
during its assembly in 2013. In a ﬁrst step all existing
FLASH/FLASH1 BPM electronics where upgraded for low
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charge operation which at the same time provided a signiﬁcantly better resolution [11]. New toroids have been installed
improving the charge resolution by an order of magnitude
well below 1 pC. In a second step the bunch arrival time
monitors (BAMs) have been replaced with detectors suitable
for <100 pC bunch charge, and the electro-optical front-ends
are being replaced with upgraded ones [12] providing better resolution at lower bunch charges. The BAM upgrade is
combined and in fact relies on the ongoing upgrade of the optical synchronization system. This system not only provides
a drift compensated reference for the timing of the BAMs
and other highly timing sensitive diagnostics, but is used
to synchronize the optical pump probe lasers of the experimental halls of FLASH1 and FLASH2. In order to enhance
the gain of the intra train bunch arrival time feedback, a
normal-conducting high-bandwidth S-band cavity (BACCA,
see Fig. 1) was installed downstream of the 3.9 GHz longitudinal linearizer module [13]. The commissioning of the
cavity has started.
In order to characterize the longitudinal phase space and
the slice emittances of the FLASH2 bunches as well as obtaining estimates on the FLASH2 photon pulse duration [14],
a newly designed transverse deﬂecting X-band structure [15,
16] (PolariX-TDS, see Fig. 1) will be installed downstream of
the FLASH2 undulators in 2020. In mid-2019, the prototype
of the TDS will be installed in the FLASH3 beamline for the
plasma wakeﬁeld acceleration experiment FLASHForward
[17].
A third, independent bunch compressor chicane will be
installed at the end of the FLASH2 extraction arc (i.e. at full
beam energy, see Fig. 1) to ameliorate the eﬀects of space
charge of the FLASH bunch compression chain at low energy
and the eﬀects of coherent synchrotron radiation (CSR) in
the FLASH2 extraction arc. The potential enhancement
of beam quality (slice energy spread- and slice emittance
preservation and linearity of the compression) is discussed
in detail in [18].

In Preparation / Planned
A key aspect of the refurbishment plan is the replacement
of the two oldest and weakest superconducting accelerating
modules (2nd and 3rd in injector, see Fig. 1) with modern
prototype modules designed for the European XFEL. The
two modules are currently being refurbished with new high
gradient cavities and it is planned to install them in 2021.
Moreover, the klystron driving the modules will be moved
closer to the location of the modules thereby reducing the
length and the losses in the waveguide system. The plan is to
increase the beam energy in the second compressor chicane
by at least 100 MeV to 550 MeV. In addition it is planned to
optimize the waveguide distribution system for the cavities
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Abstract
The FERMI FEL-2 undulator line, normally operated in
the double stage high gain harmonic generation with the
fresh bunch (HGHG-FB) has been temporarily modified
to allow operating the FEL in the Echo Enabled Harmonic
Generation (EEHG) scheme. An increase of the dispersion in the delay-line was required together with a replacement of the second stage modulator allowing the
electron beam to resonantly interact with a second seed
laser. Another critical component of the EEHG setup is a
new manipulator installed in the delay-line chicane and
hosting additional diagnostic components.
In this work we describe in some detail these new components that allowed a successful demonstration of the
EEHG beam modulation at harmonics as high as 101.

INTRODUCTION

Echo Enabled Harmonic Generation [1] has been proposed as a viable method to extend seeded FEL operation
with a single stage down to the soft-X-ray spectral range.
Recent experiments have shown the capability of the
EEHG scheme to sustain the coherent bunching up to
harmonics as high as 75 [2]. However up to now, experiments have been limited to infrared seed laser and short
radiator undulator. Hence the demonstration of the FEL
amplification of EEHG bunching at short wavelength was
not demonstrated yet.
In order to carefully characterize the EEHG mechanism
in a condition capable of sustaining the FEL gain and
optimized for short wavelengths, the FEL-2 line at FERMI [3] has been temporarily modified to allow EEHG
seeding [4]. The upgrade required the installation of a
new modulator for the second stage of FEL2, a new laser
line delivering up to 50 J pulses at 260 nm. Figure 1

Figure 1: a) Nominal layout of FEL-2 for HGHG-FB. b)
Modified layout used for the EEHG experiment.

reports the layout of the FEL-2 undulator line for the
standard operational mode (HGHG-FB) and for the
EEHG.
Given the temporary scope of the modification, attention was given to allow a fast recovery of the standard
operating mode of FEL-2 in HGHG-FB that could be
restored within few weeks after the end of the EEHG
experiment.

LAYOUT
The experiment has been setup in the FEL-2 line of the
FERMI FEL. FEL2 is a two-stage cascade HGHG FEL
usually operated in fresh bunch mode. Changes have
involved the following systems.

New Modulator
In order to allow the resonant interaction of the electron
beam with an UV seed laser, the second modulator had to
be replaced by one with a longer period. An existing Elettra undulator was therefore modified to satisfy the EEHG
requirements, and installed in April 2018. Its main parameters are reported in Table 1.
Table 1: New Second Stage Modulator Parameters
Parameter
Length
Period
Maximum k
Peak field

Value
1.5
113
12
1.2

Units
m
mm
T

Large Dispersive Section
The possibility of EEHG to produce bunching at very
high harmonics strongly relies on the use of a large dispersion (R56 of a few mm) in the first chicane. The required R56 necessary to produce bunching at harmonics
higher than 40 has been obtained with a small upgrade of
the existing chicane used for the delay-line in the HGHGFB mode (Fig.1).
New Magnet Configuration
The four magnets defining the delay-line chicane have been repositioned in
order to increase the distance between magnet 1 and 2
(d1) and magnet 3 and 4 (d3). The distance between the
central magnets 2 and 3 has been kept as small as possible, saving just the needed space to install the actuator for
the laser injection (Fig. 2).
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Abstract
The H2020 CompactLight Project aims at designing the
next generation of compact X-rays Free-Electron Lasers, relying on very high gradient accelerating structures (X-band, 12
GHz), the most advanced concepts for high brightness electron photo injectors, and innovative compact short-period
undulators. Compared to existing facilities, the proposed
facility will benefit from a lower electron beam energy, due
to the enhanced undulators performance, and will be significantly more compact, with a smaller footprint, as a consequence of the lower energy and the high-gradient X-band
structures. In addition, the whole infrastructure will also
have a lower electrical power demand as well as lower construction and running costs.

INTRODUCTION

Synchrotron radiation (SR) has become a fundamental and
indispensable tool for studying matter. The latest generation
of sources, based on Free Electron Lasers (FELs) driven by
linacs, feature unprecedented performance in terms of pulse
duration, brightness, and coherence. X-ray FEL facilities
∗
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provide new science and technology capabilities, however
their high costs and complexity have direct consequences
on their diffusion: at present, only major accelerator laboratories are able to construct and operate them. On the other
hand, the demand for new FEL facilities is worldwide continuously increasing, spurring plans for new dedicated machines. This has led to a general reconsideration of costs and
spatial issues, particularly for hard X-ray facilities, driven
by long and expensive multi-GeV normal conducting linacs.
CompactLight (XLS) [1] is an International Collaboration,
funded by the European Union, including 24 Partners and
5 Associated Institutes. It represents 9 EU Member States,
2 EU Associated Countries, 1 International Organization,
and 2 Third Countries. The main objective of the Collaboration is to facilitate the widespread development of X-ray
FEL facilities across Europe and beyond, by making them
more affordable to construct and operate, through an optimum combination of emerging and innovative accelerator
technologies. The three-year design study, funded in the
framework of the Horizon 2020 Research and Innovation
Programme 2014-2017, started in January 2018, and intends
to design an hard X-ray FEL facility beyond today’s state of
the art, using the latest concepts for bright electron photoinjectors, high-gradient X-band structures operating at 12
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FIXED-GAP UNDULATORS FOR ELETTRA AND FERMI
B. Diviacco†, R. Bracco, D. Millo, Elettra-Sincrotrone Trieste, 34149 Basovizza, Trieste, Italy

Abstract

In the context of an R&D program on alternative undulator schemes, a fixed-gap, linearly polarized, adjustablephase undulator (APU) was built and successfully operated on the Elettra storage ring. As a further elaboration on
the fixed-gap concept, an elliptically polarized undulator
(EPU) has been developed for the FERMI free electron
laser (FEL). We are now constructing a novel double
period APU. We present here the main design and construction aspects of the new devices under development.

This feature proved to be of great help during assembly,
measurement, installation and maintenance. The magnetic
field varies with the longitudinal shift precisely as expected (see Fig. 2), and its operation has been trouble-free
in the three years since its commissioning [4].

LINEARLY POLARIZED APU

The adjustable phase undulator was proposed in 1991
as an alternative to the adjustable gap undulator [1]. A
prototype was built and tested soon afterwards at SSRL
[2]. In an APU the field strength is varied by sliding longitudinally the upper and lower magnetic arrays while
maintaining a fixed separation between them. The advantages of a fixed gap device are a simple, cheap and
compact mechanical structure, a simplified control system
and a reduced variation of field integrals and focusing
strength. Two decades after this initial experiment, the
APU concept was applied to an undulator upgrade program at CESR [3]. At Elettra, a compact APU was also
recently built and installed, to replace an old variable gap
device. A novel mechanical design was developed that
allows to easily open and close the structure (Fig. 1). This
is possible because the magnetic force between the upper
and the lower parts change from attractive to repulsive
while shifting one of the two arrays relative to the other.

Figure 1: The Elettra APU has 21 periods of 7 cm, and
KMAX=3. Clearly visible is the hinge mechanism that
allows opening and closing the structure.

____________________________________________
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Figure 2: Measured (dots) and predicted (line) peak field.

FIXED-GAP EPU PROTOTYPE
The idea of testing a compact, fixed-gap variably polarized device followed from the positive results of the APU
project outlined above. Also this concept is not new, having being proposed in 1993 [5,6]. The first device of this
kind was realized and operated at SLS [7]. Its commissioning immediately showed some unwanted effects
(wavelength shifting between right and left-handed circular polarization, spectral line broadening) which made
operation of the device challenging [8]. These effects
were later understood to be caused by the appearance of
strong on-axis field gradients in the elliptical polarization
modes. However, an analysis of the parameters involved
suggested that linac based FELs with small emittances
should not be affected too much by these field gradients.
For this reason, and to gain some first-hand experience, a
prototype fixed-gap variable polarization undulator was
designed and built for FERMI. Its magnetic structure (see
Fig. 3) is optimized for a circular vacuum chamber, similar to the APPLE-III [9].

Figure 3: Cross section of the magnetic structure. Chamfered corners allow space for an 8 mm diameter vacuum
chamber.
With a small vertical gap of 4 mm, a period length of 3
cm and a maximum horizontal/vertical field of 0.95/0.83
T the device provides an extended tuning range and nominally better performance compared to the existing FERMI variably polarized undulators.
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STIMULATED EMISSION OF THz COHERENT
DIFFRACTION RADIATION IN AN OPTICAL CAVITY
BY A MULTIBUNCH ELECTRON BEAM∗
Y. Honda† , A. Aryshev, R. Kato, T. Miyajima, T. Obina,
M. Shimada, R. Takai, T. Uchiyama, N. Yamamoto
High Energy Accelerator Research Organization(KEK), Tsukuba, Japan
Abstract
Accelerator-based terahertz (THz) radiation has been expected to realize a high-power broad-band source. Employing a low-emittance and short-bunch electron beam at a high
repetition rate, a scheme to resonantly excite optical cavity
modes of THz spectrum range via coherent diffraction radiation has been proposed. The confocal cavity design is
the special case that resonance conditions of all the eigen
modes coincide, resulting in realizing broad-band excitation.
But in general cases of non-confocal cavities, the resonance
condition depends on the mode, and the resonance peak becomes wide and weak. We performed an experiment with
a non-confocal cavity as a follow-up experiment of that we
have done with a confocal cavity. The result confirmed that
the confocal design is the key for a broad-band source.

This is a preprint — the final version is published with IOP

INTRODUCTION
Light sources have played important roles in progress of
science in various fields. Since the terahertz (THz) spectrum
range is at the gap of conventional technologies, THz source
has been most immature in the wide range of spectrum.
Accelerator-based THz sources have been developed aiming
to realize a useful high power source. At the cERL (compact
Energy-Recovery Linac [1]) in KEK, a low-emittance, shortbunch, and high-repetition rate electron beam is available
as a superconducting linac test facility. This beam is suitable for performing an experiment of stimulated coherent
diffraction radiation. We have been developing a system aiming to develop a high power broad-band THz source. The
scheme is explained in Fig. 1. A multi-bunch beam passes
through an optical cavity formed by two concave mirrors
with a beam aperture in the center. The cavity length, distance between mirrors, is designed so that the fundamental
frequency of the optical cavity matches to the bunch repetition rate. A coherent radiation in THz range is emitted when
beam passes through the mirror aperture via coherent diffraction radiation (CDR) process. The radiation is stacked in
the optical cavity and it interacts with the following bunches
as a decelerating electric field. Since the effect enhances
the beam-to-radiation conversion of the following bunches,
this can be understood as a stimulated radiation. We have
performed a proof-of-principle experiment [2]. Similar type
of experiments via CTR [3] and CSR [4] have been done
also.
∗
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Figure 1: Scheme of the experiment. A multi-bunch beam
goes through the aperture of the optical cavity. The radiation
emitted in the optical cavity is coherently stacked [2].
In our previous experiment [2, 5], the optical cavity was
designed to be confocal by choosing the radius of curvature
of the mirrors to be equal to the cavity length. It sets the shift
of the carrier-envelope-phase (CEP) in the cavity round-trip
to be zero. This is the special condition to realize a broadband excitation of the cavity. By measuring the THz power
while scanning the cavity length, we observed a narrow
and strong resonance peak which corresponds excitation of
thousands of longitudinal modes at the same time. In order
to confirm that the confocal design is the key for the broadband excitation, we performed a follow-up experiment with
a non-confocal cavity by replacing the cavity mirrors with
ones of different radius of curvature.

PRINCIPLE
The detail of the principle and calculation procedure is
found in elsewhere [5]. The phase shift in the resonance
condition for the j-th longitudinal mode, whose frequency is
f × j with f being the fundamental frequency of the cavity,
can be written as
s
!
4
L/ρ
∆θ (j) = 2π j − tan−1
,
(1)
π
2 − L/ρ
where ρ is the curvature radius of the mirrors, L is the cavity
length.
Figure 2 shows calculation results. It plots the excited
THz power, the total power in the spectrum range of 0.26
to 0.65 THz, as a function of the cavity length. Two types
of cavity parameters, confocal case and non-confocal case
(corresponding to the one of this experiment), are compared.
In the confocal case, the resonance condition is at the perfect
synchronization, and the peak is narrow and strong. On

TUPRB035
1763

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRB037

EXPERIMENTAL DEMONSTRATION OF VECTOR BEAM GENERATION
WITH TANDEM HELICAL UNDULATORS
S. Matsuba, Hiroshima Synchrotron Radiation Center Hiroshima University, Hiroshima, Japan
K. Kawase, National Institute for Quantum Science and Technology, Tokai, Japan
A. Miyamoto, Toshiba Corporation, Isogo, Japan
S. Sasaki, Argonne National Laboratory,, Argonne, IL 60439, USA
T. Konomi, N.Yamamoto, High Energy Accelerator Research Organization, Tsukuba, Japan
M. Hosaka, Nagoya University Synchrotron Radiation Research Center, Nagoya, Japan
M. Fujimoto, M. Katoh, Institute for Molecular Science, Okazaki, Japan

Abstract
Vector beam is a light beam with spatially modulated polarization state across the beam. Particular examples of
vector beam are radial and azimuthal polarization which
have donut-shaped intensity and radially and azimuthally
oriented linear polarization state. Vector beam has long
been interest in the laser community and it is well known
that vector beam can be created by superposing two optical
vortex beams which have spiral wave fronts. It has been
demonstrated that optical vortex beam can be generated
from a helical undulator as harmonics. Therefore, we propose a scheme to generate vector beam by superposing two
optical vortex beams from two helical undulators in tandem, based on the principle of the 'crossed undulator'. The
experiment was carried out at UVSOR BL1U. In this paper, we describe the principle and the experimental details.

INTRODUCTION

Many researches in the past, homogeneous state of polarization as shown in Fig. 1(a) were dealt with. Figure 1
also show examples of light beams so called vector beams
or optical vortices. Vector beams are the lights shown as
Fig. 1(b), in which the direction of polarization varies
around the beam axis with donuts-shaped intensity. Optical
vortices form a donuts-shaped intensity and spiral phase
structure as shown in Fig. 1(c), (d). In recent, light which
have spatially structured in intensity, polarization and/or
phase, called “structured light”, stimulate significant interest for a range of applications [1-2]. The research of structured light has long been carried out in the laser community.
There are many ways to generate structured light by using
spatially inhomogeneous optical devises and lasers or optical fibres with mode discrimination [3-5].
In accelerator-based light sources, several ways to generate optical vortices has been proposed and demonstrated
[6-7]. In addition, edge radiation and transition radiation
are known as a radial polarization which is included a category of vector beam. In these situations, we devise a
scheme to produce a vector beam based on synchrotron radiation technology, which enables the generation of vector
beams in the VUV or x-ray range [8]. The scheme is analogous to the idea of “cross undulator” [9] but it is expanded
it into two dimensions to superpose second harmonics from
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tandem helical undulators. In this paper, we present principle and experimental details of this scheme in this presentation.

Figure 1: A schematic illustration of a uniform polarization
state (a) a vector beam (b) and optical vortices (c) (d). The
arrows in (a) and (b) are indicated the polarization directions. The white arrows in (c) and (d) indicate instantaneous electric field vector, and circular arrows indicate the
handedness of circular polarization.

PRINCIPLE
Vector beams can be created by superposing two optical
vortices. By using the Jones formalism, the polarization
state of the superposition of a right-handed circularly polarized optical vortex with a 1st order right-handed spiral
wave front (shown in Fig. 1(c)) with an analogous lefthanded version (shown in Fig. 1(d)) in polar coordinates
(r,ϕ) is written as
1
1
𝐄 𝑟, 𝜙
𝐸 𝑟 𝑒
𝑒
𝑖
𝑖
(1)
cos 𝜙 𝛼⁄2
/
2𝐸 𝑟 𝑒
sin 𝜙 𝛼⁄2
where α is the relative phase difference between the two
optical vortices. The results show that the polarization is
linear and its direction rotates toward decreasing azimuthal
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CHARACTERISTICS OF POLARIZED COHERENT RADIATION IN THz
REGION FROM A CROSSED-UNDULATOR
H. Saito†, S. Kashiwagi, F. Hinode, S. Miura, T. Muto, K. Nanbu, I. Nagasawa, K. Takahashi,
K. Kanomata, S. Ninomiya, N. Morita, H. Yamada and H. Hama, Research Center for Electron
Photon Science, Tohoku University, Sendai, Japan
Abstract
A variable polarized THz light source using a crossedundulator configuration has been developed at Research
Center for Electron Photon Science (ELPH), Tohoku University. It consists of two planar undulators of which deflecting planes cross at right angles and a phase shifter for
phase adjustment. Polarization of the crossed-undulator
has observation angle dependence due to that of radiation
wavelength and optical path length difference between two
radiations. That limits an angular range maintaining the
identical polarization state. Assuming undulator parameters for our experiment (a fundamental frequency 1.9 THz
and a number of periods seven) degree of circular polarization larger than 0.9 can be obtained only in the range of
2.2 mrad, i. e. 13% of the radiation angular spread.

INTRODUCTION
THz wave is an electromagnetic wave in frequencies
from 0.1 to 10 THz. It is known that biomolecules such as
proteins and nucleic acids have vibrational modes in this
frequency range. THz circular dichroism is an effective
spectroscopy for their chiral structures. However, polarization control technology in THz region is behind compared
with the other optical frequency ranges.
We have studied a variable polarized THz light source
using a crossed-undulator configuration. Design consideration of the system is underway for an experiment at
ELPH, Tohoku University. In addition to those topics, fundamental characteristics of polarization of the crossed-undulator radiation are discussed in this paper.

CONCEPT OF A CROSSED-UNDULATOR
A polarization control method using a crossed-undulator
was proposed by K-J. Kim [1]. It consists of two identical
planar undulators and a phase shifter for adjustment of
phase difference. Deflecting planes of two undulators cross
at right angles each other so that arbitrary polarization can
be generated by superimposing their linearly polarized radiation. The conceptual configuration is shown in Fig. 1. In

Figure 1: Conceptual configuration of the crossed-undulator.
___________________________________________

our design, the phase shifter is composed of an optical delay line and a bypass electron beam line. Phase difference
between two linear polarization components is adjusted by
changing the optical path length in the phase shifter. In order to control polarization in such a way, a sufficiently
short electron bunch compared with the radiation wavelength is required so that each radiation has coherence.

PREPARATION FOR AN EXPERIMENT
t-ACTS
We are planning to carry out a demonstration experiment
at the t-ACTS (test Accelerator as Coherent THz Source)
facility in ELPH, Tohoku University. The t-ACTS linac
consists of a thermionic rf gun, an alpha magnet with an
energy filter and a 3 m traveling-wave accelerating structure. A velocity bunching scheme is employed to generate
ultra short electron bunches. The bunch compression mode
operates at beam energy of 22 MeV. Coherent transition radiation of a frequency range up to about 3 THz and undulator radiation ranging from 2.6 to 3.6 THz have been successfully observed [2, 3]. The measured spectrum indicates
that the minimum bunch length is approximately 80 fs.
This facility is suitable for the demonstration experiment
of the crossed-undulator within a few THz.

Planar Undulators
Two identical planar undulators have been designed for
the experiment. The parameters were chosen so that the
fundamental frequency becomes about 2 THz considering
the bunch length and beam energy of t-ACTS. Table 1
shows the designed parameters. The number of periods was
set to the small value because of a constraint of the available space for the experiment.
Electric field radiated from a moving electric charge q is
calculated from the Lienard-Wiechert potential. Its radiation field term is expressed as [4]
Table 1: Undulator Parameters
Magnet array
Block dimension
Period length
Number of periods
Total length
Magnet material
Residual magnetic field
Gap
Peak magnetic field
K value

Halbach type
70 mm x 23 mm x 20 mm
80 mm
7
587 mm
NdFeB
1.22 T
33 mm
0.471 T
3.52
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Abstract
We have been studied far-infrared coherent radiation
with an S-band linac at Laboratory for Electron Beam Research and Application (LEBRA) at Nihon University. We
have already developed a couple of terahertz-wave sources
based on coherent synchrotron radiation and coherent transition radiation, which have been applied to spectroscopic
research. Moreover, we developed coherent edge radiation
(CER) at the downstream bending magnets in the FEL sections. Because the edge radiation has an annular shape distribution characterized by the asymmetric first-order Laguerre-Gaussian mode, the CER can be extracted from an
optical cavity of the FEL system without a diffraction loss
of the FEL beam. The root-mean-squared bunch length of
the electron beam was evaulated by measuring the CER
spectra, which was about the same level as the FEL micropulse width. Although the infrared FELs at LEBRA had a
long slippage length, the FEL energy became higher as the
bunch length was shorter. The CER intensity can be a
guidepost enhancing the FEL power because of the existence of their correlation.

INTRODUCTION

Generally, a high electron-density beam is required for
free-electron laser (FEL) oscillations in FEL facilities. In
order to realize the high electron density, an electron beam
is compressed to shorten the electron-bunch length in a
straight section where an insertion device for the FEL oscillation is installed. The bunch length is an important parameter because it affects not only the FEL gain evaluation
but also the detuning curve and the FEL pulse width [1].
Power of coherent radiations generated by the short electron bunch become high in the terahertz (THz) region [2].
Recently, generation and measurement techniques for THz
waves have been improved, and evaluation of the bunch
shape using the coherent radiation has been performed by
various methods. We also developed coherent radiation
sources at Laboratory for Electron Beam Research and Application (LEBRA) and at Kyoto University Free Electron
Laser (KU-FEL), and used them for the evaluation of the
bunch length [3−5].

However, in order to avoid influence on the FEL oscillation, coherent radiation generated in a straight section
where the FEL is amplified has not been conventionally
used for a measurement of the bunch length. Then, we focused on coherent edge radiation (CER) which could be
extracted from the straight section without growing a diffraction loss [6]. We inserted a mirror chamber, which
could extract the CER generated at the downstream bending magnet in the FEL straight section, into the optical cavity at LEBRA, and observed the CER in the THz region
during the FEL oscillations. In this article, the estimated
and measured characteristics of the CER beam at LEBRA
are discussed.

COHERENT EDGE RADIATION
Edge radiation is electromagnetic waves emitted by
charged particles due to the velocity change at an end of a
bending magnet in the direction of movement. Because it
is relativistic dipole radiation with longitudinal acceleration, it has a hollow spatial distribution with radial polarization [6]. It is more intense than the synchrotron radiation
in the infrared region, and the energy of the CER for a typical electron bunch of an S-band linac is several tens nJ.
Therefore, it is possible to extract the high-power CER in
the THz region from the FEL optical cavity without damaging the FEL oscillations. The dependence of the CER
spectrum on the radiation angle is not significant, so that
the influence of a hole-coupled mirror on the spectrum of
the extracted CER beam can be corrected by calculation.
Preliminary experiments on the characteristics of the
CER beam were conducted at the infrared FEL facility KUFEL [7]. Resonator-type FELs in a wavelength region of
3.5−23 m have been developed using an S-band linac and
an 1.8-m planar undulator at KU-FEL [8]. The CER generation experiments were conducted using the electron beam
with the energy of 28 MeV and the macropulse duration of
7 s. The averaged charge of a micropulse of the electron
beam was approximately 35 pC. The CER beam generated
at the entrance of the downstream bending magnet with the
radius of curvature of 338 mm in the FEL straight section
was extracted from the FEL optical cavity by a plane mirror

___________________________________________

† sei.n@aist.go.jp

TUPRB039
1772

MC2: Photon Sources and Electron Accelerators
A06 Free Electron Lasers

This is a preprint — the final version is published with IOP

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRB040

DEVELOPMENT OF COHERENT TERAHERTZ WAVE SOURCES AND
TRANSPORT SYSTEMS AT LEBRA LINAC
T. Sakai†, Y. Hayakawa, Y. Sumitomo, T. Tanaka, K. Hayakawa, K. Nogami,
LEBRA, Nihon University, Funabashi, Japan
N. Sei, H. Ogawa, AIST, Tsukuba, Japan
Abstract
Development of a 125 MeV S-band electron linac for the
generation of Free Electron Laser (FEL), Parametric X-ray
Radiation (PXR) and coherent terahertz waves (THz
waves) has been underway at LEBRA of Nihon University
as a joint research with KEK and National Institute of Advanced Industrial Science and Technology (AIST). The
high power coherent transition radiation (CTR), coherent
edge radiation (CER) and the coherent synchrotron radiation (CSR) wave sources development has been carried out
since 2011 at LEBRA. The transport systems of the each
THz wave were installed in the vacuum chamber on the
downstream side of the 45 degrees bending magnet of the
PXR and FEL beam-line. In particular, a CER of the generated the FEL beam line can also be guided without disturbing the FEL oscillations. Additionally, a part of the mirror of the optical transport system is constructed using Indium Tin Oxide (ITO) mirror with the optimized for the
transport of the CER. Since infrared light is transmitted
through the ITO substrate, simultaneous transportation of
the FEL beam and CER-THz is possible by setting it on the
FEL line. In order to increase the CER-THz transport efficiency, the mirror of the transportation system were replaced from concave mirrors to toroidal surface mirrors.
Transport testing and basic measurements will begin in late
2019. In this report, improvement of the CER-THz
transport beam lines are discussed.

INTRODUCTION
Research and development of a 125 MeV electron linac
for the generation of the infrared FEL, Parametric X-ray
Radiation (PXR) and THz has been continued at the Laboratory for Electron Beam Research and Application (LEBRA) of Nihon University as a joint research with KEK
and National Institute of Advanced Industrial Science and
Technology (AIST) [1-3].
The THz wave sources development in the FEL Beam
line has been carried out since 2011 [4]. Based on the development results of coherent synchrotron radiation (CSR)
of the terahertz frequency range in the FEL beam line,
higher power coherent transition radiation (CTR) and coherent edge radiation (CER) sources have been constructed
in the PXR line since 2016. In addition to these, the new
high power CER transportation line has been constructed
between the downstream bending magnet in the FEL undulator section and the downstream optical cavity mirror
from 2017 to 2018.
___________________________________________
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LEBRA 125 MEV ELECTRON LINAC
LEBRA-linac consists mainly of the -100 kV electron
DC-gun, the pre-buncher, the buncher and the three 4 m
long traveling wave accelerating tubes. The electron beam
energy is freely adjustable from 40 to 100 MeV according
with user's utilization purpose. The RF power sources has
been powered by two S-band klystrons, the peak output
power, the repetition rate and the pulse duration are 20
MW, 2 ~ 10 Hz, 5 ~ 20 μs, respectively. Saturated FEL lasing is also obtained in the 0.4 to 6 μm wavelength region
by using nonlinear crystals [5]. The PXR generator covers
the X-ray energies from 4 to 34 keV by using Si (111) and
Si(220) planes as the target [6]. FEL, X-ray, THz are transported to the laboratory. Figure 1 shows an overview of
LEBRA 125 MeV electron linac.

CER-THZ TRANSPORT LINE IN FEL
BEAM LINE [7, 8]
The new high power CER-THz transportation line have
been constructed between the downstream bending magnet
in the FEL undulator section and the downstream optical
cavity mirror. The main purpose of this mirror system are
to monitoring of the electron beam bunch length, the control of the FEL lasing and using of high power CER.
The opening diameter of the new vacuum chamber in the
bending magnet can correspond to a horizontal surface angle of about 38 mrad and vertical surface angle of about 23
mrad. The edge radiation from the bending magnet has an
annular shape distribution. It is thus the CER-THz can be
reflected and focused from the optical cavity of the FEL
without a diffraction loss of the FEL beam by using a holecoupled focusing mirror. The structure of the mirror holder
is a gimbal type that can be adjusted from an atmospheric
air side. The diameter of the two mirrors were 74 mm (effective diameter: about 68 mm) and the inner diameter of
the hole-coupled mirror was 25 mm.
The average power of the CER-THz wave has been
measured approximately 0.5 mJ/macro-pulse (by the total
reflection mirror) at the frequency range of 0.1 - 2.5 THz.
Additionally, inserting the hole-coupled concave mirror,
the reflection efficiency was achieved about 70% as compared with the total reflection mirror. The simultaneous
measurement of the CER-THz and the FEL oscillation are
possible by the CER-THz transport system.

IMPROVEMENT OF CER-THZ TRANSPORT LINE
The CER-THz transport system was improved based on
the basic measurement results of the CER-THz in the
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SIMULATION OF SHORT-PULSE GENERATION FROM A
DYNAMICALLY DETUNED IR-FEL OSCILLATOR AND PULSE
STACKING AT AN EXTERNAL CAVITY
Yoske Sumitomo1∗ , Ryoichi Hajima2 , Yasushi Hayakawa1 , and Takeshi Sakai1
1 LEBRA, Nihon University, Chiba, Japan
2 National Institutes for Quantum and Radiological Science and Technology, Ibaraki, Japan

Abstract

At the LEBRA facility of Nihon U., we have an IR-FEL
oscillator to generate radiations in the range of wavelengths
1 – 6 um for various experiments. A research program has
been established to explore the application of the IR-FEL to
generate attosecond UV and X-ray pulses through the high
harmonic generation (HHG), where the IR-FEL pulses must
have a high-peak power and a short-pulse duration. For the
suitable FEL pulse generation within a limited macro-pulse
length at the LEBRA LINAC, we apply a dynamical modulation to the electron bunch repetition, that is equivalent to a
dynamical detuning of the FEL cavity length. We illustrate
the potential performance of the IR-FEL with the dynamical
detuning by time-dependent 3D FEL simulations. We also
evaluate the enhancement of the FEL pulses by an external
cavity stacking for the sake of the HHG application.

INTRODUCTION

The oscillator FEL is a compact and well-established device, that is widely used to generate monochromatic bright
radiations at various wavelengths ranging from IR to THz.
The generated pulses are highly affected by the condition of
lasing, that changes by the cavity length detuning against the
separation of electron bunches as well as the small signal
gain and the cavity loss. Especially, when the cavity length
is perfectly synchronized with the separation of electron
bunches, the generated pulses become to have a high peak
power and a few cycle pulse duration [1, 2]. However, a
longer macro-pulse length of a milli-second scale is required
to reach the saturation at the perfect synchronization.
To generate pulses at a higher peak power and a shorter
pulse duration at the LEBRA facility where the macro-pulse
length is 20 µs, we employ the dynamic desynchronization
(dynamical modulation) that switches from a desynchronization to the perfect synchronization dynamically [3, 4] (see
also [5, 6]). When we apply the modulation to the middle
of electron pulse train acceleration, we can start from the
desynchronization of the FEL-cavity and change to the perfect synchronization, thanks to the change of electron bunch
separation during the pulse train. At the first stage, the light
pulse is accumulated earlier to have enough small-signal
gain. Then the interaction is switched so that the light pulses
starts growing to reach a higher saturation level, respecting
the perfect synchronization lasing.
For the enhancement, one may also consider to use a external cavity to stack pulses generated from the FEL oscillator.
∗
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There were less attempts regarding on this direction compared with the laser cavity studies based on solid-state mode
locked lasers. In the previous work [7], the accumulation of
more than 75 times the energy of pulses was observed experimentally. Although the milli-second scale was required for
this accumulation, it is interesting to investigate an efficient
pulse stacking even within the short pulse train of 20 µs.
Such the enhanced optical pulses with a few cycle duration
opens a new direction to generate attosecond radiations ranging from UV to X-ray through the high-harmonic generation
(HHG) in noble gasses. An advantage of the accelerator
based light source includes a high-repetition generation rate
of MHz to GHz. The possibility of HHG application was
proposed together with the carrier-envelop phase stabilization in [8]. Motivated by this proposal, a research program
has been established.
In this study, we will show some simulation results of
the FEL oscillator, including the detuning property and the
lasing in the presence of dynamical modulation, to see the
potential performance of the LEBRA facility. We will also illustrate a pulse stacking enhancement at an external cavity toward HHG application by using the generated complex radiation fields. In our calculation, we perform a time-dependent
3D simulation, together with GENESIS 1.3 code [9] at the
undulator part of simulation, that is commonly used to simulate the self-amplified spontaneous emissions (SASE).

FEL OSCILLATOR SIMULATION
The lasing in the FEL oscillator grows by having iterative interactions between the generated light pulse and the
electron beam. To have a better understanding of the FEL
oscillator, we should include the detail of such the iterative
process, i.e. the light pulse piling up inside the FEL-cavity
consisting of two concave mirrors. However, if we try to
include all the detail of the FEL-cavity, quite a lot of computational cost is required. So here we use a strategy of
computation as shown in Fig. 1 to reduce the calculation
cost while keeping the reasonable property of the FEL oscillator. See also [10–12] for the related studies.

Figure 1: A rough sketch of simulation strategy.
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DESIGN STUDY OF NONLINEAR ENERGY CHIRP CORRECTION USING
SEXTUPOLE MAGNETS AT THE SOFT X-RAY FREE-ELECTRON LASER
BEAMLINE OF SACLA
Kazuaki Togawa†, Toru Hara, Hitoshi Tanaka, RIKEN SPring-8 Center, Sayo, Hyogo, Japan

Abstract
At the x-ray free-electron laser (FEL) facility, SACLA,
a soft x-ray FEL beamline is driven by a dedicated 800MeV electron accelerator (SCSS+) and being operated in
parallel with two hard x-ray FEL beamlines. Responding
to the demands of short laser pulses from users, a nonlinearity correction system using sextupole magnets is proposed to obtain shorter electron bunches. Since the frequency of the SCSS+ injector linac is S-band, the nonlinearity correction of a bunch compression process using a
harmonic correction cavity is not so efficient as the
SACLA injector [1], whose frequency of the linac is Lband. Instead of a complex and costly correction cavity
system, the sextupole magnets are simply installed in a dispersive section of the first bunch compressor chicane. In
this paper, we report the basic design concept and some detail studies of the nonlinear correction.

INTRODUCTION

Nowadays, short-wavelength free-electron lasers (FELs)
are indispensable tools for various science fields, e.g., fundamental physics, atomic, molecular, and optical physics,
chemistry, biology, and material science.
In the SPring-8 site, the SCSS test accelerator that generated extreme-ultraviolet FEL lights was constructed as a
prototype machine for the x-ray FEL facility, SACLA, in
2005 [2]. This accelerator was relocated in the SACLA undulator hall and upgraded to generate soft x-ray FEL lights
in the wavelength range from 8 nm to 60 nm [3]. This upgraded accelerator was named as SCSS+. The electron
charge of 0.3 nC is accelerated to 800 MeV (max.) at a repetition rate of 60 Hz (max.).
The SCSS+ has two bunch compressor (BC) chicane:
one is located at the injector exit to compress the bunch
from a few ps to 1 ps at 50 MeV, and the other at the middle
of the C-band main linac to compress it to a final state of
sub-ps at 500 MeV. Since the injector does not have a harmonic rf cavity that corrects the nonlinear energy chirp, the
final bunch length and peak current are restricted to 0.5 ps
and 300 A respectively. Although the FEL pulse energy of
100 µJ with a pulse width of ≤100 fs at a photon energy of
100 eV is obtained at the moment, higher peak power and
shorter pulse width are demanded from experimental users.
Since the SCSS+ injector uses an S-band linac to accelerate the bunch and to provide an energy chirp to it, an Xband correction cavity is needed to linearize the energy
chirp effectively. X-band rf technologies are already established, however, it is a hard task to introduce one more frequency to the accelerator system, and the cost is not inex
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pensive. Therefore, we proposed the nonlinear correction using sextupole magnets at the bunch compressor chicane, as shown in Figure 1.
Since the head and tail energies of the bunch are lower
than that of the linear component due to the rf nonlinearity,
these parts travel long distance in the chicane and delay at
the BC exit, then the bunch is over-compressed, if without
correction. The sextupole magnets located in the dispersive
section kick the head and tail to the same direction and they
travel along short cut courses, then the bunch is linearized
if the magnets are properly tuned.

Figure 1: Concept of the nonlinear energy chirp correction
using sextupole magnets.
In this paper, we report the design study of the nonlinear
energy chirp correction using sextupole magnets at the soft
x-ray FEL beamline of SACLA.

BASIC THEORY
The transformation of longitudinal coordinate via a BC
chicane is expressed as
𝑧

𝑧̅
𝑧̅

𝑇
𝛼𝑧 ,

𝑧̅

𝑜 𝑧
(1)

where 𝑧 and 𝑧̅ are longitudinal positions at the BC exit and
entrance, 𝐶 is a linear compression factor, 𝑅 and 𝑇
are 1st- and 2nd- order momentum compaction factors, 𝐸
is an energy of a reference particle, 𝐸 and 𝐸 are 1st- and
2nd- derivatives of 𝐸 with 𝑧, respectively [4]. In the condition of 𝛼 0, the bunch size is reduced uniformly without over bunching at any compression rate. Since the 𝑇
of a standard chicane using rectangular magnets is approximated to be -3𝑅 /2, positive 𝐸 is required to satisfy this
condition, which is accomplished using a higher harmonic
inderf cavity. Another solution is controlling 𝑇
pendently of 𝑅 to be negative by perturbate the path
length using four sextupole magnets.
By a perturbative calculation, the 𝑇 can be expressed
as
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STIMULATED EXCITATION BY SEEDING WITH CHERENKOV
RADIATION IN AN OPTICAL CAVITY∗
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Hefei, Anhui 230029, China
2
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3
Anhui Electrical Engineering Professional Technique College, Hefei, 230051, China
Abstract
By seeding with narrow-band Cherenkov radiation from
a dielectric loaded waveguide(DLW), stimulated excitation
in an optical cavity is presented. The evolution and energy
loss of the ield oscillating in the optical cavity is analyzed
by theoretical and numerical calculation. The results show
that the high order TM modes of the Cherenkov radiation
can be better preserved after a large number of roundtrips in
the optical cavity and this scheme ofers a potential method
of realizing high power Terahertz radiation source in a compact facility.

INTRODUCTION
In the last decades, Terahertz(THz) radiation has played a
more and more important role in scientiic progress and a lot
of achievements have been gained with its help in various
ields[1, 2]. With the rapid development of THz application in science and technology, the demand for high power
radiation sources becomes urgent. One of the most attractive solution is to excite the THz radiation by the relativistic
electron bunch in magnetic or slow wave structures[3–5].

Electron
Gun

RF Cavity

Confocal
Mirror

This is a preprint — the final version is published with IOP

Dielectric
Waveguide

Export for
radiation and
electron

Figure 1: Radiation scheme.
Generally, the equipments which are used for generating the relativistic electron bunch are large and expensive.
Therefore, a lot of eforts have been made for minimization
of accelerator-based THz radiation sources, and one is to
apply optical cavity in radiation structures. When the electrons excite the radiation in a cavity at resonance, the elec∗
†
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tromagnetic ield in the cavity is stacked and obtains energy
from the electron. This mechanism is called stimulated radiation[6].
Free-electron laser (FEL) oscillators which consists of a
resonator with undulator have been widely used at wavelengths across the electromagnetic spectrum from the THz
through the ultraviolet[4]. The stimulated transition radiation excited by femtosecond electron bunches in the cavity
was observed[7]. Recently, the stimulated excitation of a
cavity by trains of electron bunches via coherent difraction
radiation process was tested[6].
As shown in Fig. 1, we propose a novel radiation scheme:
the direct current from electron gun is accelerated to relativistic velocity in RF cavity and repetition rate of the micro electron bunch is equal to the frequency of RF ield.
Cherenkov radiation, which is excited in a dielectric loaded
waveguide(DLW) by electron bunch, enter the optical cavity and meet the next micro bunch after being relected by
the mirror. In this scheme, Cherenkov radiation excited in a
DLW is the narrow-band electromagnetic wave with abundant harmonics. By properly designing the optical cavity
parameters, resonance with harmonics in optical cavity occurs within the THz frequency range. Therefore, there is
no need to conine the DLW and electron bunch to tiny size
to get fundamental mode with high frequency. In this paper, the loss of radiation with each mode in optical cavity
is analyzed and the distribution of the ield is shown after
a number of roundtrips in the optical cavity. It shows that
the stimulated radiation in an optical cavity will be realized
and proves that this scheme will be an attractive candidate
for the compact THz radiation sources.
Metal Layer
Dielectric
Dielectric
layer

Layer

Cherenkov
Radiation

Figure 2: The structure of the dielectric loaded waveguide
and the modes of Cherenkov radiation.
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SECOND ORDER INTENSITY CORRELATION AND STATISTICAL
PROPERTIES OF A SOFT X-RAY FREE ELECTRON LASER*
Chunlei Li†, Tao Liu, Zhichu Chen, Xingtao Wang, Hailong Wu, Jianhui Chen, Bo Liu
Shanghai Advanced Research Institute, Chinese Academy of Science, Shanghai, China
also at Shanghai Institute of Applied Physics, Chinese Academy of Science, Shanghai, China

Abstract

High degree of transverse field coherence is one of the
unique properties of an FEL compared with a 3rd generation storage ring light source. As a result, the FEL advances the development of innovative research and technology that was not previously feasible. A truly coherent
source should be coherent in all orders described from the
intensity correlation functions. In this paper, second order
intensity correlation of FEL radiation is investigated
based on the Hanbury Brown-Twiss intensity correlation
method. The statistical properties of radiation produced
from SASE was also investigated and compared with the
statistical properties of a phase-locked laser. The results
show that the statistical properties of a SASE mode behave as a chaotic source, which is significantly different
from the properties of a phase-locked laser beam.

INTRODUCTION

Modern Free Electron Lasers (FEL) have unique properties, such as high brightness (10 orders of magnitude
higher than storage rings), ultra-short pulse lengths (<100
fs), and a high degree of transverse coherence [1]. According to Glauber’s definition, a fully coherent source is
coherent to all orders of intensity correlation [2]. Phaselocked optical lasers are not only coherent in first order,
but also in second order which distinguishes the laser
source from a chaotic or thermal source [3].
A classical method for characterizing second order coherence is the Hanbury Brown and Twiss (HBT) method
developed in 1950s to measure the angular diameter of
stars [4-5]. The HBT method is based on the statistical
properties of photons and demonstrates a significant difference between a laser and chaotic sources. More recently, HBT intensity correlation has been used to measure the
length of electron bunches in synchrotrons [6] and coherence properties of FEL radiation [7-8]. At FERMI, Gorobtsov, et al., explored the statistics properties of radiation
produced from both SASE and seeded radiation modes,
which showed that the seeded FEL behaves more like a
phase-locked laser [9].
In this paper, we present simulation results of the second order intensity correlation for SASE pulses based on
the Shanghai Soft X-ray FEL (SXFEL) machine parameters. A statistical analysis of second order intensity correlation function was performed based on ensemble average
over many pulses and compared with the properties of a
___________________________________________
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phase-locked Ti:sapphire laser operating at 800 nm with a
pulse length of ~100fs.

THEORETICAL FRAMEWORK FOR
SECOND ORDER INTENSITY
CORRELATION AND STATISTICAL
PROPERTIES

Figure 1: Counting version of intensity interferometer.
The principle of second order intensity correlation is
illustrated in Fig. 1. In the simulation, each SASE pulse is
measured on a CCD sensor and the two synchronized
detectors in Fig. 1 correspond to two pixels on the CCD
array. Time synchronization between any two pixels is
satisfied by default. As FEL pulses are collected the statistical properties are defined as ensemble averages over a
large number of individual events, with the assumption
that each event was created by different statistically independent electron bunches.
For each SASE pulse, the measured beam intensity at
two pixels locations at position 𝑟 , 𝑟 are 𝐼 and 𝐼 . If the
light at positions 𝑟 , 𝑟 is correlated then for first order the
fields will interfere generating visibility fringes. Our
interest is to analyse the second-order intensity crosscorrelation term which can be expressed as [10]
〈𝐼 𝐼 〉
1
𝑔 𝑟 ,𝑟
〈𝐼 〉〈𝐼 〉
where the angular brackets 〈… 〉 denote an ensemble average over a large number of individual pulses.
The statistical properties of the second-order intensity
correlation depend on the type of radiation source. For
fully coherent (laser) source, 𝑔 𝑟 , 𝑟 =1. For chaotic
source, 𝑔 𝑟 , 𝑟 >1. Moreover, in the case of a chaotic
source, if we define the total intensity of each pulse as I,
the probability distribution of I follows gamma-function
distribution [10].
𝑀
𝐼
𝐼
𝑃 𝐼
exp 𝑀
2
⟨𝐼⟩
Γ 𝑀 ⟨𝐼⟩
For coherent laser radiation, P(I) obeys the well-known
normal or Gaussian distribution [10]
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PROPOSAL OF THE REFLECTION HARD X-RAY SELF-SEEDING AT
THE SHINE PROJECT ∗
Tao Liu† , Chao Feng‡ ,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China

Abstract
FEL self-seeding has been demonstrated a great advantage for the generation of a fully coherent and high brightness X-ray pulse experimentally. Generally, transmission
monochromators with single crystal are adopted worldwide,
such as LCLS, PAL-XFEL and European-XFEL. Recently,
the self-seeding scheme based on a reflection monochromator with a double-crystal is proposed and demonstrated at
SACLA successfully. In view of several potential advantages of the reflection type, here we give the proposal of
the reflection monochromator based self-seeding and enable
the application on the SHINE project. This manuscript is
mainly focus on monochromator schemes at SHINE, instead
of FEL simulations. We will present considerable schemes
based on the specific undulator line.

INTRODUCTION

A crystal monochromator is usually used on the beam line
of a light source for the achievement of a coherent hard X-ray,
which will be transport to the user experiment. The conventional monochromator based on Bragg or Laue diffraction
(reflection) consists of double crystals or four crystals and the
consequent time delay is generally centimetre-scale. Therefore, it is impracticable for hard X-ray self-seeding that a
centimetre-scale time delay requires temporal overlap with
a chicane with dozens of meters long.
The normal method of hard X-ray self-seeding is based on
a transmission monochromator with a single crystal, which
is about 100 𝜇m thick and the efficient wake delay is in the
10 𝜇m level [1]. Such time delay is suitable for a small
chicane between two undulator sections. Currently, it has
been demonstrated successfully at LCLS [2] and PAL-XFEL,
and European-XFEL is also in preparation. However, there
are several disadvantages that the monochromatic efficiency
is relatively low ( 0.1%), the heat-loading problem of the
crystal is relatively heavy and the processing technology of
the crystal ( 100 𝜇m thick) is quite challenging. Besides, the
transmission monochromator usually use the large incidence
angle (𝜋/4 − 𝜋/2), resulting in a small-scale and lowerenergy photon energy coverage.
Recently, a channel-cut crystal monochromator was proposed based on the Bragg reflection with a slit gap of 90 𝜇m
and did experiment successfully at SACLA [3]. This reflection monochromator induces a time delay about 100𝜇m level
which is feasible for a 4 meter long chicane. Comparing
∗
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to the transmission monochromator, the reflection one has
the following major advantages. First, its monochromatic
efficiency is 1 − 2 order of magnitude higher than the transmission one. Second, the heat-loading effect is smaller than
the transmission one, which might be easy for the cooling
system. Third, the signal-to-noise ratio is better that only the
monochromatic pulse is injected into the following undulator,
instead of the transmission one with a powerful SASE signal
at the head of the pulse. Fourth, the processing technology
is relatively easier than the transmission one. Furthermore,
the reflection monochromator can use the small incidence
angle, and it can cover higher energy photon.
In the previous paper [4],we have proposed a transmission
scheme based on the SHINE project. In this manuscript, we
discuss the refection monochromator based on the SHINE
project. SHINE, Shanghai High Repetition Rate XFEL and
Extreme Light Facility consists of 3 undulators lines, and
self-seeding scheme is the basic scheme for each line. The
lines FEL1 will cover photon energy range of 5-13 keV by
the normal undulator and FEL3 will cover the range of 1015 keV by the superconducting undulator.

SCHEME PROPOSAL
Double-Crystal Monochromator
The basic double-crystal monochromator is shown in
Fig. 1, where the layout consists of two crystals and a beam
stopper. Mechanically, the so-called two crystals are not two
individual crystals but a channel-cut crystal. The beam stopper is pressed against the right edge of the first crystal which
is used to block the SASE pulse transmitting the crystal.

Figure 1: Reflection monochromator with double-crystal for
self-seeding.
The monochromator will induce a time delay Δ𝜏 and a
transverse offset Δ𝑥. The slit gap 𝐷 is assumed as 100 µm,
then Δ𝜏 and Δ𝑥 can be calculated as
𝐷
Δ𝜏 =
(1 − cos 2𝜃𝐵 )
(1)
𝑐 sin 𝜃𝐵
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THE OPTICAL RESONATOR OF CTFEL FOR RANGE OF 1 TO 2 THz*
Xiaojian Shu,† Yuhuan Dou, Institute of Applied Physics and Computational Mathematics,
100094 Beijing, China
Abstract

INTRODUCTION
THz radiation is being increasingly adopted in a wide
variety of applications. FEL systems can offer the
tunability, high power and flexible picoseconds-pulse
time structure of THz radiation [1-4]. A free-electron laser
facility based on photocathode DC-gun and superconducting accelerator at China Academy of Engineering Physics
(CAEP) in a radiation frequency range of 1~3 THz has
been demonstrated[5-8]. The facility operates in the quasi
CW mode and the average output power is about 10 W.
The first lasing is obtained on Aug. 29, 2017, and CTFEL
is operated in range of 2-4THz[7,8], but cannot lasing at
the frequency below 1.8 THz. The optical resonator of
CTFEL must be optimized to ensure lasing in range of 1
to 2 THz.. The lasing strongly depends on the performance of the optical resonator including output efficiency,
gain and round-trip loss. The optical resonator consists of
metal-coated reflect mirror, the centre-hole output mirror,
waveguide. The influence of waveguide on the quality of
optical cavity is evaluated by the 3D OSIFEL code[9].
The waveguide size and output hole radius is optimized to
different frequencies between 1 THz to 2 THz.

RESULTS
The cavity length is designed to be 276.9 cm long
according to the repetition rate of the micro bunch is
54.17 MHz. The period length and period number of the
wiggler are designed as 3.8 cm and 42. The electron beam
current is 12.5 A and its pulse length is 8 ps. The main
parameters of CAEP THz FEL are listed in Table 1.
___________________________________________
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Table 1: Main Parameters of CAEP THz FEL
Electron beam
Energy /MeV
6~8
Peak current /A
12.5
Micro bunch /ps
Emittance /πmm
mrad
Energy spread /%
Repetition rate
/MHz

8
10

Wigglerr
Period /cm)
4.2
Peak field strength 2.5~5.0
/kG
Number of periods
38
Cavity length /m
2.769

0.75
54.17

Influence Of Waveguide
The large diffraction loss inherent in long wavelength
radiation implies the use of waveguide in THz- FEL
resonator, which can substantially improve the overlap
between the optical and electron beams, and consequently
the FEL gain as compared to open resonators.
Using our the 3D-OSIFEL code, Simulations of the
waveguide in the whole optical cavity of CAEP high
power THz-FEL device are achieved. In the simulations,
the distribution functions of transverse position and
velocity and energy of the electrons are assumed to be
Gaussian. The corresponding initial values of sample
electrons are determined by a Monte Carlo method, and
the initial phases are loaded according to the ‘quiet start’
scheme to eliminate numerical noise. The energy spread
and emittance are specified as FWHM and RMS,
respectively.
0.4

22mm
14mm

0.3

Pin/M W

A high power THz free electron laser (FEL) facility is
under construction at China Academy of Engineering
Physics (CTFEL). The radiation frequency of the FEL
facility will be tuned in range of 1~3 THz and the average
output power is about 10 W. The system mainly consists
of a GaAs photoemission DC gun, superconductor
accelerator, hybrid wiggler, optical cavity. The first lasing
is obtained on Aug. 29, 2017, and CTFEL is operated in
range of 2-4THz, but cannot lasing at the frequency
below 1.8 THz. The optical resonator of CTFEL must be
optimized to ensure lasing in range of 1 to 2 THz.. The
lasing strongly depends on the performance of the optical
resonator including output efficiency, gain and round-trip
loss. The optical resonator consists of metal-coated reflect
mirror, the centre-hole output mirror, waveguide. The
influence of waveguide on the quality of optical cavity is
evaluated by the 3D OSIFEL code. The waveguide size
and output hole radius is optimized to different
frequencies between 1 THz to 2 THz.

0.2
0.1
0.0
0

200

400

600

pass

Figure 1: Resonator power as a function of the optical
pass to waveguide gap 14mm and 22mm when the
radiation frequency is 1THz.
The influence of different waveguide size is compared
according to different frequency of 1-3THz by
simulations, Fig 1. shows that output power as a function
of the optical pass to waveguide gap 14mm and 22mm
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THE MINI-PERIOD PERMANENT MAGNET STAGGERED UNDULATOR
FOR COMPACT X-RAY FREE ELECTRON LASER ∗
L. G. Yan, D. R. Deng, J. X. Wang †
Institute of Applied Electronic, China Academy of Engineering and Physics, Mianyang, China
Abstract
Miniaturization of X-ray free electron laser requires reduction of undulator period length. In this proceeding, a
mini-period permanent magnet staggered undulator was proposed, which is free of superconducting solenoid and thus
has advantages of easy-manufacture and low-cost. After
optimization, it can generate periodic ﬁeld of peak ﬁeld 0.71
T with period length 10 mm and pole gap 2 mm, which
has been veriﬁed on a prototype. Combined with X-band
linac, the length of 1 nm XFEL facility using the permanent
magnet staggered undulator can be conﬁned within 44 m.

This is a preprint — the final version is published with IOP

INTRODUCTION
In recent years, X-ray free electron laser (XFEL) became
operational and have opened new exciting opportunities for
scientiﬁc applications. Undulator plays a key role in XFEL
and radiation wavelength λr from undulator is determined
by Eq. (1), in which λu , γ, and K are undulator period length,
relativistic factor and undulator parameter, respectively. It
can be seen shortening undulator period length can reduce
electron beam energy for a given wavelength, which helps to
miniaturize XFEL and reduce the construction and maintenance costs. To pursue undulator with shorter period length,
in-vacuum undulator, cryogenic undulator, superconducting
undulator, etc. were proposed and have been studied extensively [1]. But realized period length is still larger than 10
mm now. A solenoid-derived staggered undulator (SSU)
was proposed by A. H. Ho, and period length can be reduced
below 10 mm thanks to its simple magnetic structure [2].
SSU has attracted widespread interest and been also developed by many other researchers [3, 4]. But in all of their
schemes, a superconducting solenoid was used, which meant
high-cost and diﬃculty in manufacture and maintenance. In
this proceeding, the superconducting solenoid was replaced
by a permanent magnet circuit and a mini-period permanent
magnet staggered undulator (PMSU) was proposed. The
magnetic structure was designed and optimized, and a prototype was fabricated and measured. We also explored the
possibility of adopting PMSU in a compact XFEL.


1
λu
λr = 2 1 + K 2
(1)
2
2γ

MAGNETIC STRUCTURE
The proposed undulator PMSU were developed based
on the existing SSU [2]. The magnetic structure of PMSU
∗
†
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in Radia is shown in Fig. 1. Unlike SSU using superconducting solenoid, PMSU has two longitudinally-magnetized
permanent magnet blocks to generate a longitudinal ﬁeld
in their gap. Like SSU, there is a staggered array of highpermeability poles situated inside the gap of permanent magnet blocks to deﬂect the longitudinal ﬁeld, thereby providing
a transverse periodic ﬁeld. Two edges of rectangle permanent magnet blocks must be chamfered properly to reduce
demagnetizing ﬁeld and ﬂatten distribution of longitudinal
ﬁeld, which is crucial to suppress the peak-to-peak error
of periodic ﬁeld. In this proceeding, the materials of permanent magnet block and pole block are NdFeB and DT4,
respectively, and one can choose other permanent magnetic
material or soft magnetic material for a certain application
situation. Due to free of superconducting solenoid, PMSU
has the advantages of simple structure, easy manufacture,
convenient maintenance and low cost.

Figure 1: Magnetic structure of PMSU in Radia.

OPTIMIZATION AND MEASUREMENT
Optimization
Genetic Algorithm (GA) is one of the most excellent methods to search the optimal solution to a problem, which has
been applied to solve various problems. In order to maximize peak ﬁeld and minimize peak-to-peak error of PMSU’s
periodic ﬁeld, multi-objective GA was used to optimize parameters of magnetic structure with period length 10 mm,
pole gap 2 mm and period number 10. Peak ﬁeld Br ms and
peak-to-peak error ΔB
B r ms were set as objective variables. In
order to simplify the problem, the weight coeﬃcient transformation method was used to transform multi-objective op-
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INJECTOR PHYSICS DESIGN AT SHINE
Zhen Wang, Qiang Gu, Minghua Zhao
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201800, China
Guanglei Wang
Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China
Abstract
SHINE high brightness injector is one of the key
components of the x-ray FEL facility. It consists of a NC
photocathode gun, a buncher, three solenoids, two
accelerator cryomodule to boost the beam over 100 MeV.
In addition, a laser heater, the pulse extraction system and
several beam measurement section are included in the
injector. In this paper, we describe the injector physics
design including the beam performance, beam diagnosis
and beam feedback.

INTRODUCTION
Shanghai HIgh repetitioN rate XFEL and Extreme light
facility (SHINE) is an x-ray FEL facility based on an 8
GeV CW superconducting linac and 3 FEL undulator
lines covering the spectral ranges 0.4-25 keV. It will be
located at the Zhangjiang High-tech Park, close to the
Shanghai Synchrotron Radiation Facility (SSRF) campus
and the ShanghaiTech University. The short wavelength
radiation requires the high quality electron beam provided
by the high brightness injector, which is one of the key
components of the x-ray FEL facility.
Great successes have been achieved with normal
conducting, low repetition rate injectors, such as the ones
of the LCLS [1] and the Pal-FEL, or PITZ [2] of the
FLASH and the Euro-FEL. However, the low repetition
rate guns cannot be operated at MHz repetition rate. In
order to obtain a high average power free electron laser, a
high brightness CW injector is required. At SHINE, an
APEX-type normal conducting RF gun (VHF gun) [3] is
the main candidate for the CW injector.
The CW injector is the beginning part of the x-ray free
electron laser facility, which can produce specified
electron beams for the main accelerator. The beam
dynamics process in injector including produce of
electron beam, beam transmission, transverse emittance
compensation, beam compression, acceleration, and so on
is the key to the performance of the whole FEL facility.
Table 1 summarizes the electron beam parameters of the
SHINE injector.
Table 1: The Electron Beam Parameters of Injector
Parameter

Nom. value

Energy
Charge/bunch
Beam length (RMS)
Peak current
Normalized slice
emittance (RMS, 95%)

100 MeV
100 pC
1 mm
12 A
0.4 um
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Figure 1 illustrates the layout of the SHINE injector,
including a normal conducting RF photocathode gun, a
normal conducting RF buncher, three movable solenoids,
a single 9-cell cavity [4] accelerating unit, an eight 9-cell
cavities accelerating unit, a laser heater, the pulse
extraction system, the deflecting cavity, magnets and
beam measurement and the injector laser system consist
of a photocathode drive laser system and a heating laser
system. Moreover, the injector also includes photocathode
system, solid RF power amplifier system, vacuum system,
mechanical system, electron diagnostics system, control
system, power supply system and etc.

Figure 1: The layout of injector.
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The 162.5 MHz VHF gun (more details in chapter 4.4.1)
and the 1.3 GHz buncher (chapter 4.4.3) are the normal
conducting while the single 9-cell cavity and the eight 9cell cavities accelerating unit are superconducting
(chapter 4.2). The energy of the electron bunch is 0.75
MeV at the exit of the gun. The 1.3 GHz buncher is used
to compress the bunch about 3 times from about 30 ps to
about 10 ps (FWHM), with the peak current of about 10 A
after the buncher. The movable solenoids located along
the beamline are used to compensate the transverse space
charge effect, aiming to achieve lower emittance. The
laser heater system downstream of the 8-cavity
cryomodule generates an uncorrelated energy spread in
the electron beam to suppress the micro-bunching
instabilities.

BEAM DYNAMIC OPTIMIZATION
In this kind of injector, the bunch length and the
transverse emittance of the electron beam are both
affected by the accelerating components and the focusing
components. Manual or semiautomatic scanning of these
parameters cannot work in the optimization. The multiobjective and multivariate optimization algorithm
combined with beam dynamics calculation software has
been used. In the calculation, the 3D electric magnetic
field results of these components are used and imported to
the beam dynamics calculation software.
Figure 2 shows the multi-objective optimization results
of the injector under 100pC and 200pC modes,
respectively. It indicates that the emittance increases
obviously with the increase of the bunch charge even with
TUPRB053
1801
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THE BEAM-BASED ALIGNMENT SIMULATION AND PRELIMINARY
EXPERIMENT AT SXFEL
Li Zeng1 , Shanghai Institute of Applied Physics, CAS, 201800 Shanghai, China
1 also at University of Chinese Academy of Sciences, 100049 Beijing, China
Chao Feng∗ , Duan Gu, HaiXiao Deng, Bo Liu, Zhentang Zhao†
Shanghai Advanced Research Institute, CAS, 201204 Shanghai, China
GuangLei Wang, Dalian Institute of Chemical Physics, CAS, 116023 Dalian, China

Abstract

The Shanghai soft X-ray Free-electron Laser facility
(SXFEL) is now serving as an experimental platform for
fundamental free-electron laser (FEL) principal tests. This
facility puts very tight tolerances on the straightness of
the electron beam trajectory (within 5 µm). It is hard to
achieve the required orbit due to the off-axis fields of the
misaligned quadrupoles and undulator segments especially
for the SXFEL driven by relatively low energy LINAC
(840 MeV). The tight tolerances can be met through beambased alignment (BBA) technique. In this paper, the BBA
simulation and preliminary experiment results at SXFEL are
presented. To further improve the electron beam trajectory
by calculating the undulator misalignment, the feasibility of
genetic algorithm (GA) based BBA has been studied.

INTRODUCTION

Shanghai soft X-ray Free-electron Laser facility (SXFEL)
finished civil construction and equipment installation by the
end of 2016. It is now under commissioning and serves as
an experimental platform for fundamental FEL study [1].
The main parameters of SXFEL are listed in Table 1.
Table 1: Main Parameters of the SXFEL [2]
Parameters
Beam energy
Normalized emittance(rms)
Bunch charge
Slice energy spread
Peak current
Electron bunch length
Seed wavelength
FEL wavelength
Undulator length

Value

Unit

840
≤1.5
500
30
500
1
265
8.8
126×2.35

Mev
mm·mrad
pC
keV
A
ps
nm
nm
cm

The deviation of electron beam with respect to the desired
orbit is required to be within several microns [3]. This trajectory can be achieved by the beam-based alignment (BBA)
technique [4] which was proposed in 1980s.
Although the state-of-the-art BBA technique has achieved
great success at LCLS [5] [6], European-FEL [7],
SACLA [8], PAL-XFEL [9, 10] with relatively high electron
beam energies, there is no report about satisfactory BBA
∗
†
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experiment on soft X-ray FEL facilities driven by relatively
low energy linacs (on the order of 2 GeV or less) up to now.
This predicament in soft X-ray FEL is blamed on the ignorance of undulator misalignment which gives rise to the
outrageous perturbation of electron beam trajectory [11]. To
solve this problem, the genetic algorithm (GA) is introduced
and simulations based on the SXFEL are carried out.

BBA SIMULATION
Dispersion-free Steering
The most successful BBA technique is the dispersion-free
steering (DFS) method which is implemented using large
electron energy variations and sub-micron resolution beam
position monitors (BPMs). The readback of the ith BPM, mi ,
at location si along the undulator can be written as Eq. (1).
mi = ξi − bi + x0 R11 (s0, si ) + x00 R12 (s0, si )
+

Nc
Õ

θ j R12 (s j , si ) +

j

Nq
Õ

d j Mi j

(1)

j=1

where ξi denotes a stochastic variable representing the ith
BPM precision error, bi denotes the ith BPM offset, θ j denotes the kick angle of the jth dipole corrector which located
at s j , x0 and x00 are the transverse launch position and angle of the electron beam, the coefficients R11 and R12 are
the elements of the corresponding transport matrix, Nc and
Nq denotes the number of correctors and quadrupoles, Mi j
relates d j , the jth quadrupole transverse mislignments, to
a position offset at ith BPM which is specifically shown as
Eq. (2)
√
Mi j = R11 (si , s j )(1 − cos( K L))
(2)
√
√
+ R12 (si , s j ) K sin( K L)
K and L are the normalized strength and effective length of
the jth quadrupole, respectively.
Once enough BPM readings has been obtained, the electron beam launch condition, the quadrupole position and
the BPM offsets can be derived by using the singular-value
decomposition (SVD).

Simulation Results
The simulation has been performed for the long radiator
of the second section (R2) which is comprised of 6 tunable
undulator segments. The entire BBA simulation has been
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FIRST RESULTS OF THE IVU16 PROTOTYPE UNDULATOR
MEASUREMENTS
Cheng Yu, Wei Zhang, Maofei Qian, Yongzhou He, Yongmei Wen, Shengwang Xiang,
Zhiqiang Jiang, Jidong Zhang, Xiao Hu, Hongfei Wang, Qiaogen Zhou, Lixin Yin, Haixiao Deng,
Bo Liu, Dong Wang, Zhentang Zhao, Shanghai Synchrotron Radiation Facility,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai, China

Abstract
The Shanghai Synchrotron Radiation Facility (SSRF)
has developed a 16 mm period length, 4 mm gap, in-vacuum undulator (IVU) that is planned to be installed and
tested in the 1.5 GeV SXFEL-SBP beam line. This paper
will describe the main parameters of the undulator and the
key design choices that have been made. The first undulator prototype was assembled and magnetically tested. First
measurements with vacuum chamber will be presented.

INTRODUCTION

The Shanghai soft X-ray Free-Electron Laser Facility
(SXFEL), located in SSRF, as a phased project, is composed of the SXFEL test facility (SXFEL-TF), and the
SXFEL user facility (SXFEL-UF). The SXFEL-TF will be
upgraded to the SXFEL-UF, with the radiation wavelength
extended to cover the water window region by boosting the
electron beam energy to 1.5 GeV with more C-band accelerating structures [1]. Currently, the SXFEL-TF is under
commissioning and the key equipment of SXFEL-UF such
as undulators is under manufacturing.
The layout comparison between the SXFEL-TF and
SXFEL-UF is shown in Figure 1. Two undulator lines, a
seeded FEL line and a SASE FEL line will be built. The
latter will consist of 10 in-vacuum undulator sections to realize 2 nm soft X-ray saturation. Up to now only SACLA
and SwissFEL have developed long IVUs with short period
and variable gap in FEL devices that has been built.
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Now the IVU16 prototype undulator of the SXFEL-UF
has been assembled, measured and shimmed in March
2019. Table 1 shows some IVU16 Technical specifications
and measured values of the prototype, and they will be described in detail below. The problems found during the development of the prototype will have been improved in
subsequent mass manufacturing. Specific design and measurement data of the prototype will be described in this paper.
Table 1: Design Parameters of IVU16 Prototype
Parameters
Period Length
(mm)
Electron Energy
(GeV)
Scope of Gap
(mm)
Effective Length
(m)
Effective Field
(T)
K Value
Phase Error (Deg)
RMS Trajectory
(μm)

Required
16

Achieved

1.5
4~12
4
1.05

1.07

1.52
<5

1.61
4.8@Gap=
4.2mm
1.3@Gap=
4.2mm

<5

Figure 1: Schematic layouts: SXFEL-TF (upper) and SXFEL-UF (lower)[1].
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THZ-PUMP AND UV-PROBE SCHEME BASED ON STORAGE RING∗
Haoran Zhang, Wenxing Wang, Shiming Jiang, Zhigang He† ,
National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei, China
Abstract
We propose a THz-pump and UV-probe scheme based on
storage ring for ultra-fast dynamics experiment. In which,
two sequential laser pulses, one of which has a periodic
intensity envelope, simultaneously interact with different
parts of the long electron beam in a modulator. After a
chicane, the part that interacts with the periodic pulse will
be moudulated at THz domain and radiate through a bend
magnet. Another part that interacts with normal laser will
be modulated at UV domain and radiate at a radiator, which
based on high-harmonic generation. The electron beam can
be utilized circularly in the storage ring, which will increase
its average power. The feasibility of this THz-pump and
UV-probe scheme is verified in both theory and simulation.

Grating #2

UV
Retro-reflector
b

✁

Grating #1

Linearly Chirped Stretcher

radiator
Beating

Optical
delay ✂

C2

THz

C1

modulator (TGU)

Figure 1: Principle of the experiment.

INTRODUCTION
The pump-probe experiment is a powerful tool for studying ultrafast science. It provides a completely new method
for exploring matter. Its general principle is as follows: the
sample interacts with a strong pump pulse to produce excitation or changes in properties, which will be detected by subsequent probe pulse. By adjusting the time interval between
the pump and the probe, it will be revealed that the process
of exciting over time. Pump and probe experiments can track
ultra-fast dynamics of matter in a non-equilibrium state in
real time. Such phenomenas can be induced by intense THz
pulses which include a variety of transient processes: material phase transitions [1], quantum optics [2], electron decay
[3, 4], molecular motion [5, 6] and magnetic field dynamics
[7]. Then, through ultraviolet (UV) spectroscopy, such as
angle-resolved photoemission spectroscopy (ARPES), it can
be probed that the dynamics processes [8, 9].
In this paper, we propose a scheme of THz-pump and
UV-probe experiment based on the storage ring. As shown
in Fig. 1, a chirp-beating-pulse follows a conventional laser
pulse, enters the modulator and interacts with the electron
beam from the storage ring in different regions. Then, after
the first chicane (C1), the part that interacts with the chirpbeating-pulse bunch at THz domain and radiate in a bend
magnet. After the second chicane (C2), another part bunch
at short wavelength and generate UV pulse in the radiator.

The beam is modulated by a laser with a quasi-sinusoidal
envelope. The laser can be obtained by beating frequency
pulse [11]and its amplitude distribution is:
a(z) = ω0 e

−(

z2
4σ 2
L

)

cos(

km
z + φ)
2

(1)

Where ω0 is normalized modulation amplitude and k m is
normalized modulation wave number.
A normal beam (Fig. 2a) is modulated by the modulator
to generate periodic energy modulation in the phase space
(Fig. 2b), but the bunch density distribution is unchanged.
The energy modulation is converted to density modulation
by the first chicane (since the previous dogleg is mainly
used for short-wavelength modulation, the influence can be
ignored here), and the electron beam is tilted in the phase
space (Fig. 2c), thus producing a periodic distribution over
the density distribution. Here is an approximation of the
spectrum of the beam after density modulation:
2

e−(z /2)
e
ρ̃(k) ≈ e
J0 [kr56 a(z)]dz
√
−∞
2π
(2)
Where ri j is the normalization coefficient of the dispersion
segment transmission matrix.
2 +r 2 +r 2 )/2]k 2
−[(r51
52 56

∫

+∞

−ikz

PRINCIPLE
A sinusoidal-envelope laser-induced method is used to
generate narrow-band THz radiation [10], mainly
including a modulation section and a dispersion section.
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Figure 2: Theoretical calculation of phase space of bunch.
(a) phase space with gaussian distribution; (b) phase space
with energy modulation; (c) phase space with dispersion.
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SOLID STATE AMPLIFIER OF SC LINAC FOR SHINE
Y.B. Zhao,∗ S.J. Zhao, Q. Chang, K. Xu, X. Zheng, Z.G. Zhang, Shanghai Advanced Research
Institute of CAS, Shanghai, China

Abstract

Shanghai HIgh rep-rate XFEL aNd Extreme light
(SHINE) is 8GeV superconductivity LINAC, worked in
CW operation mode and beam current is 0.2mA. Solid state
amplifier will be employed to drive the 1.3GHz SC. One
of four SSA prototypes had been manufactured and finished the factory test, the SSA output signal phase noise is
about -88 dBc/Hz at 10Hz offset/1.3GHz and rms jitter is
45fs. The Spurious content is less than -70dBc. The longterm power stability is below 1%, and amplitude and phase
stability are less than 0.1% and 0.1degree respectively.
those parameters mentioned above and other parameters of
SSA satisfies the RF requirement and are showed in this
paper.

state amplifiers, signal distribution, LLRF, motor driver,
piezo driver, vacuum monitor and interlock etc., are located at the bottom of tunnel. There is a radiation shielding
platform between cavity and the control hardware in order
to protect the electron chips. Figure 3 shows the layout of
SSA and control hardware within one module which includes 8 9-cell cavities, magnet, BPM and other hardware
related.
Phase Reference

SG

Interlock
Ethernet
Piezo driver
ATCA
Platform

Motor driver
Motor driver

INTRODUCTION

Shanghai HIgh rep-rate XFEL aNd Extreme light facility
(SHINE) is a platform for technique and science research
which energy is 8GeV, operated in CW-mode and beam
current is 0.2mA. It includes a LINAC of 8GeV, three undulator lines, three beam lines and ten experiment stations.
SHINE is located underground 30 meters approximately.
The lengths of facility are about 3kM and the length of
LINAC is 1.2km. The acceleration architecture of LINAC
consists of six hundred 1.3GHz and sixteen 3.9GHz
TELSA type cavities. The 5.2kW SSA will drive the
1.3GHz superconductive cavities and 2kW SSA will power
the 3.9GHz superconductive cavities.
Figure 1 shows the main part of the SHINE accelerator,
in which include Gun, segment L0, L1, L2, L3 which
are1.3GHz superconductivity cavities, HL segment which
is the sixteen harmonic cavities and frequency are 3.9GHz.
BC1and BC2 which are the chicane.

From SG

LLRF controller

SSA

coupler

Circulator

1.3GHz SC

Timing

Figure 2: RF station architecture.

Figure 3: SSA and LLRF layout of one module (front and
lateral view).

SSA BASIC REQUIREMENTS
Figure 1: Sketch of SC LINAC for SHINE.

RF STATIONS

Figure 2 shows the RF station Architecture. One signal
generator is used to phase reference and as reference of
LLRF and timing. Single LLRF [1] drive the single SSA
and single superconductivity cavity. One of the two motor
drivers adjust the depth of coupler in order to change the
Qe of cavity. Another adjusts the cavity detune coarsely.
Piezo driver is used to detune cavity fast and precisely.
There are the interlock of each RF station.
The diameter of accelerator tunnel is 5.9m. Cavities are
hung on top of tunnel, the control hardware, such as solid
∗
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The basic specification [2] of SSA is showed in Table 1.
It is not showed here for other detailed requirements of
SSA such as reliability, diagnostic, maintenance, interface,
etc.
The SSA can be worked in pulse and CW mode. The
machine will be operated in CW mode normally. But superconductive cavity need be conditioned in pulse mode.
The water pressure is up to 10kg. The pump is located over
ground in order to avoid vibration when it works Which
maybe effect the cavity performance. All SSA cabins need
keep constant temperature. So many hardware in the tunnel
will release heat, in order to less the burden of air condition, it requires that the heat in all cabins are absorbed by
water. The module consists of some transistors. The easiest
damage part is transistors in SSA. So we require the module can be plug in and plug out. It is convenient to be replaced by the robot.
MC2: Photon Sources and Electron Accelerators
A06 Free Electron Lasers

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRB061

SEEDED FREE-ELECTRON LASERS DRIVEN BY A TRANSVERSE
TILTED ELECTRON BUNCH∗
Zhouyu Zhao, Heting Li† and Qika Jia
National Synchrotron Radiation Laboratory, University of Science and Technology of China,
Hefei, 230029, China
Abstract
A transverse tilt of the electron bunch is normally unwanted in free-electron laser (FEL) since only a portion of
the bunch can contribute to the FEL radiation. However,
the recent researches demonstrate that the tilted bunch can
be used to generate FEL with some special features. In
this work we investigate the generation of a large tilt of the
bunch by using a corrugated structure and a dogleg separately. Based on the tilted bunch, the creation of ultra-short
pulse and multi-color pulses are demonstrated in high-gain
harmonic generation (HGHG) FEL.

INTRODUCTION
The growing demands on studying the ultrafast science
greatly promote the development of FEL with ultra-short
pulse, and some of them further require another FEL pulse
or external laser which have a different wavelength but with
good temporal synchronism to facilitate pump-probe experiments. FEL community has developed various methods to
create ultra-short pulses, such as using a slotted foil, employing the enhanced self-amplified spontaneous emission
scheme, using optimized nonliear bunch compression and so
on [1–4]. For the generation of multi-color FEL, many methods are developed to achieve separated pulses at different
wavelengths, which may need several seed lasers with different wavelengths or several e-bunches with different energies
or several undulator sections with different strengths [5–7].
The transverse tilt of the bunch was once thought of harmful to the normal FEL device since only a portion of e-bunch
can emit radiation. However, the recent studies show that the
tilted bunch can be applied at some specific fields, including generation of broad-bandwidth radiation and ultra-short
pulses and muti-color pulses, etc [7–9].
This paper proposes to create the bunch tilt by using a
corrugated structure and a dogleg separately. After that,
based on high-gain harmonic generation (HGHG) principle,
a seed laser with narrow beam radius is used to modulate
the center portion of the tilted bunch and then short pulses
at harmonics will be generated in the radiator [10]. In contrast, we investigate the creation of multi-color pulses by
using a seed laser with large beam radius to modulate the
total bunch and then emit radiations at different harmonic
based on employing the field gradient of the radiator [11].
Numerical simulations including the generation of the tilted
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bunch and FEL radiation confirm the validity and feasibility
of these schemes at short-wavelength region. It can provide an optional operation mode to meet the requirement of
short-pulse FEL or multi-color FEL for some users.

GENERATION OF BUNCH TILT
The tilted bunch can be characterized by the transverse
offset x of electrons in proportion to its longitudinal position s. Several methods have been developed to obtain such
a bunch tilt including the transverse wakefields in the corrugated structure, the residual dispersion from dispersion
structure, the RF deflecting cavity which is developed as the
electron bunch diagnostic. Here we investigate the generation of a large bunch tilt in a corrugated structure and a
dogleg separately.

Corrugated Structure
Corrugated structure is widely known for cancelling the
bunch energy chirp introduced by Linac accelerator. However, when passing the bunch off-axis through the corrugated
structure, it will excite transverse wakefields and then couple the longitudinal position and transverse position of the
electrons. Assuming a driving electron at (x0 , y0 ) and a
trailing electron at (x, y), with |x − x0 | small compared to
the gap size, the short-range transverse point wakes can be
approximately given by [12]
wx (s, x) = wd (s, x0 ) + wq (s, x0 )(x − x0 )

(1)

wy (s, x) = wq (s, x0 )(y0 − y)

(2)

where wd (s, x0 ) and wq (s, x0 ) are the dipole and quadrupole
wake functions on the offset x0 , respectively. The dipole
wake offers the transverse momentum kick to create the
bunch tilt with focusing in y and defocusing in x introduced
by the quadrupole wake.
Subsequently, through convolving the point wakes with
the longitudinal bunch shape λ(s), the wakes along the whole
bunch can be given as
∫ ∞
W(s, x) =
w(s ′, x)λ(s − s ′) ds ′
(3)
0

For a corrugated structure with the corrugation parameters
much smaller than the gap size, but with the depth greater
than the period, the transverse wakes exhibits an impact of
parabolic relationship on s. The wakes at the head of the
bunch are negligible but the tail experiences strong wakes.
In this feasibility study, we calculate the wakes including
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Abstract

One of the key challenges in scientific researches based
on free-electron lasers (FELs) is the characterization of the
coherence time of the ultra-fast hard x-ray pulse, which fundamentally influences the interaction process between x-ray
and materials. Conventional optical methods, based on autocorrelation, is very difficult to realize due to the lack of
mirrors. Here, we experimentally demonstrate a conceptually new coherence time characterization method and a
coherence time of 174.7 attoseonds has been measured for
the 6.92 keV FEL pulses at Linac Coherent Light Source.
In our experiment, a phase shifter is adopted to control the
cross-correlation between x-ray and microbunched electrons.
This approach provides critical temporal coherence diagnostics for x-ray FELs, and is decoupled from machine parameters, applicable for any photon energy, radiation brightness,
repetition rate and FEL pulse duration, etc.

INTRODUCTION

Hard x-ray free-electron laser (FEL) [1–5] opens the door
to a new era of x-ray experiments in various research fields,
e.g., physics [6], chemistry [7], life [8] and material sciences [9]. Combined with ultra-short duration, refined resolution, high photon flux, hard x-ray FELs become powerful
tools to capture simultaneous information on atomic structure and dynamics. At present, most of the hard x-ray FELs
are operated in self-amplified spontaneous emission (SASE)
scheme, in which spontaneous radiation from the electron
beam is amplified along the magnetic field in undulators.
Due to starting from electron shot noise, SASE FELs usually are generated with imperfect temporal coherence corresponding to temporal isolated spikes [10]. As one of the
fundamental characteristics of the x-ray pulse, pre-known
information about x-ray coherence time would potentially
benefit experiments including but not limited to, ionization
dynamics, spectro-holography [11], nonlinear mixing-wave
experiment [12], etc. Hence, there is a growing demand for
the community to develop a time-domain coherence time
characterization method for the ultra-fast hard x-ray pulses.
For FEL coherence time characterization, the most
straight forward way is to directly implement conventional
optical method, autocorrelation. Autocorrelation is a widely
used method for coherence time characterization for optical
∗
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radiation pulses. However, the autocorrelation itself has a
strong dependence on the mirrors to control optical delays,
which, in turn, limits the photon energy range of its application. Although it has been proved that a combination of laser
beam splitter and mirror based optical delay can be used to
implement autocorrelation to characterize the FEL coherence time in the extreme ultraviolet and soft x-ray regime [13,
14], different from its implementation in these two scenarios,
the autocorrelation is difficult to realize in hard x-ray regime
due to the lack of mirrors. Meanwhile, x-ray pulse duration
characterization method based on FEL dynamics has been
well established recently [15, 16]. However, in this case, the
coherence information is not included in the cross- correlation since the electrons are almost ’fresh’. Here, we further
develop this idea to characterize the coherence time of hard
x-ray FEL pulses by using the cross-correlation between the
x-rays and microbunched electron beam.
In this work, we report the first direct measurement result
of the coherence time of ultra-fast hard x-ray FEL pulses
through a conceptually different approach. In this method,
the temporal coherence characteristics of the x-ray pulses are
mapped to the cross-correlation between the microbunched
electron beam and the x-ray pulse and then the corresponding
coherence time can be obtained by decoding the information
from the measured cross-correlation.

METHOD
Figure 1 depicts how this coherence time characterization method works, where the whole undulator system is
considered as two parts, the first part is used for SASE FEL
generation and the second part works on converting the correlation to x-ray pulse energy. The phase shifter between
these two parts is employed to manage the delay between
the x-ray pulse and the microbunched electrons to control
the correlation.

Figure 1: Schematic description of hard x-ray SASE FEL
coherence time characterization based on cross-correlation
between microbunched electrons and x-ray pulse.
In the SASE FEL, a bunch of highly relativistic electrons are injected into a periodically varying magnetic field,
known as undulator. While traveling through the undula-
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Abstract
A Hard X-ray (HX) line in PAL-XFEL consists of an egun, a Laser Heater (LH), S-band accelerators, an X-band
LINearizer (XLIN), three bunch compressors (BC), a dogleg, and an undulator line. It generates 2.5 - 15-keV FEL
with over than 1-mJ pulse energy. The XLIN before BC1
is used for linearizing the energy chirp in the longitudinal
phase space and provides the flexibility for FEL optimization and operation. However, it causes the instability of
FEL by large jitters and drift because of higher frequency.
We study the FEL operation without XLIN. The collimator
in the center of BC1 is used removing the slices to cause
nonlinear compression. We optimize the FEL by short electron bunch with under 30 fs. In this paper, we present details of the optimizing sequence and performance for the
FEL operation without XLIN.

INTRODUCTION

A high harmonic cavity is used in all hard x-ray FEL machine in the world [1-5]. Since a cosine-like RF electric
field is used to accelerate the electron bunch, there is a curvature in an energy chirp of a longitudinal phase space of
e-bunch. The overall field of the fundamental and the high
harmonic frequency linearizes the curvature in the energy
chirp (Fig. 1). We call this high harmonic RF system ‘linearizer’. PAL-XFEL use the X-band LINearizer (XLIN)
which is the 4th harmonic RF of S-band. It is installed before the first Bunch Compressor (BC) and used for suppressing the nonlinear e-bunch compression in next bunch
compressors. It provides the flexibility of FEL operations
and optimization. However, the RF phase and amplitude
jitter of XLIN which cause the unstable operation are larger
than S-band RF system because of the higher frequency
and the limitation of RF technology. Also, there is a difficulty of the FEL operation by the RF phase drift of XLIN
from the reference phase drift. The RF phase of XLIN
drifts about 10° during linac RF phases drift about 2° for
12-hours operation. Since the XLIN system costs about 4M
$, the scheme of FEL generation except XLIN makes big
advantage of the operation stability and budget.
We study the FEL operation mode without XLIN in the
Hard X-ray (HX) line of PAL-XFEL. A collimator at the
BC1 is used to collimate the head and tail slices in the ebunch which cause the micro bunching instability and nonlinear compression at the next bunch compressor. The ELEGANT simulations are conducted to verify the effect of
collimator. The accelerating phase and amplitude are adjusted to compensate the exception of XLIN. The FEL operation mode without XLIN is optimized with the same sequence of the nominal operation mode. 9.7 keV FEL is
____________________________________________
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generated, and e-bunch and FEL parameters are measured
for all modes. In this paper, we present the FEL operation
without XLIN compare to the nominal operation. Also, we
present details of e-bunch and FEL performance for these
operation modes.

Figure 1: Linearization of the RF electric field curvature
with a high harmonic cavity.

Figure 2: Schematic diagram of HX line at PAL-XFEL.

NOMINAL FEL OPERATION
The HX line of PAL-XFEL consists of an INJector (INJ),
Laser Heater (LH), 4 Linac region (L1 ~ L4), 3 BCs, a dogleg, an undulator line, and the XLIN (Fig. 2.). An electron
bunch with 250-pC charge and 0.5-μm transverse emittance is emitted from the photo-cathode RF gun, and accelerated to about 140 MeV in the INJ. The slices of e-bunch
are heated at the LH, but we don’t use the LH nowadays
because of its little effect for the FEL performance. The
improvement of the FEL pulse energy and stability by the
LH is weaken in the FEL operation with shorter e-bunch
length. The XLIN is operated with 20.5 MV accelerating
gradient and -180° phase from on-crest phase. The e-bunch
energy at the XLIN is about 350 MeV. There is a collimator
on the center of each BC, and we use the collimator at BC1
for operation. Slices of in the head and tail of e-bunch are
collimated in BC1, and the charge is reduced to about 200
pC. Finally, the e-bunch is compressed about 3.5 kA and
accelerated to 8.54 GeV which generate 9.7 keV FEL with
1.87 K-value undulators.
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Abstract
FELs are powerful investigation tools on the forefront of
scientific discovery and with the addition of seeding capabilities their spectral brightness has improved drastically. It
is therefore important to have reliable methods to judge the
spectral quality. Emitted photons provide powerful information for assessing the performance of an FEL and troubleshooting issues that may arise in its operation. The spectrum is one of the most important characteristics of an FEL
and a good estimate of the residual modes is crucial for experiments. Moreover, by analyzing the spectrum one can
infer electron bunch properties.

INTRODUCTION
In this paper we present a new peak finding algorithm
aimed to be integrated in FERMI’s pyDart [1] analysis software and which is now being extended to include new features. The pyDart tool takes in data from real time acquisition of different diagnostics of FERMI and, among other
capabilities, plots correlations between values of an actuator
and data from the detectors.
The analysis by the peak finding algorithm is done solely
on spectral data. The desire is to produce a few figures of
merit ( f om) which closely relate on to a specific property
of the spectra and in a scan follow its evolution w.r.t. an
actuator value.
FEL radiation is sought by users for its coherence properties, while an FEL operating in SASE mode has many spikes
giving an effective bandwidth close to 1%, it is expected
from a seeded FEL such as FERMI to produce almost transform limited pulses [2]. All this means that a spectrum with
a single, narrow peak is desired most of the time. Small
modulations in the beam would produce, going into the radiator, sidebands to the main peak which means experiments
would also get radiation at other wavelengths.
Although the program can offer a wide range of data
about spectra we selected only a few f om that offer important information about the spectrum and implicitly on the
effectiveness of the FEL process.
Am Area of the main peak scaled to the total area. This
f om shows how much of the total power is carried in
the main peak

Through a sequence of steps the program finds and fits a
number of peaks to a spectrum as shown in Fig.1. The top
plot shows in red dots the detected peaks of the raw signal.
The program evaluates the background of every spectrum
and produces a set of criteria like height, prominence and
minimum peak distance that a peak must satisfy for it to be
detected. We use a customized version of the peak finding
function in python scipy.optimize package [3] for this initial
estimate. After detection each peak gets assigned corresponding valleys (blue dots) i.e. the limit where each peak
effectively starts and ends. Once these regions of interest
are obtained, a series of gaussian functions are fitted to each
region, this intermediate step is presented in 1middle plot.
After a fit is made we evaluate a goodness of fit function gof
and compare it to a preset value. In case the gof is below
this value a new fit function is proposed and a new fit is made.

Figure 1: The stages of the workflow: Identifying the peaks
and valleys (top) fitting the gaussians (mid); computing the
residual (bottom). Spectrum supplied by FERMI where
microbunching is artificially induced with laser heater beating [4].
The algorithm treats each spectrum acquired during a
scan individually and evaluates for each one the background
region so noise in the detectors does not influence the quality of the peak detection. Furthermore there is an option
to select the region considered to be background for each
spectrum.

Fitting Procedure
mpd Mean peak distance is useful in estimating the possible
source of the sidebands
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A critical component of the program regards the way in
which the goodness of fit is estimated. The background
evaluation is used here to weigh the different parts of the
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Abstract

In the pursuit for a more coherent FEL radiation there
have been ingenious schemes proposed in order for the FEL
process start not from noise but from an initial bunching.
Echo enabled harmonic generation (EEHG) is one such technique used to improve coherence in FELs by manipulating
the electron phase space prior to entering a radiator. It uses
two modulators and two chicanes to create microbunches of
electrons with the periodicity of a few nm. In this paper we
will present some of the challenges of using this technique
in combination with a strongly chirped beam and indicate a
few ways to overcome said challenges.

INTRODUCTION

The EEHG is now a well established method for generating coherent FEL pulses with good experimental results
shown in [1]. By pre-bunching at short wavelengths the FEL
radiation is ensured to have the same initial phase all through
the bunch. Analytical work on chirped beam in combination with the Echo scheme has been carried out in [2] and it
was shown to be less sensitive to chirp than other harmonic
generation schemes.
The motivation for this work lies in the idea of using
EEHG to enhance the coherence of the perspective MAXIV
soft X-Ray FEL (SXL). Working on the basis that the new
FEL will be using the MAXIV Linac as driver, we have to
take into account a large energy chirp of the electron beam
at the Linac exit, which is where the new FEL is envisioned
to start.
To have a better understanding of the effects we will study,
it is worth going through the classic EEHG process as proposed in [3]. The electron beam is modulated in a wiggler
by having it co-propagate with a high intensity laser of wavelength λmod1 , Fig. 1 M1. A strong dispersive section(DS1),
with either positive or negative R56, overcompresses the
electron bunch creating fine structure of equally spaced energy slices as in Fig. 1 b). To convert this energy modulation into a longitudinal modulation, a second modulator
with λmod2 (Fig. 1 M2) and weak second dispersive section
(Fig. 1 DS2) is used. The result is a current profile with fine
periodic modulations at the desired harmonic and another
modulation with the periodicity of the second modulator
wavelength as shown in Fig. 1 f).
In the following we will look at the effects of a strong
linear chirp on the EEHG process highlighting the effects
it has on the bunching intensity at different harmonics. To
visualize the bunching we Fourier transform the particle
distribution to generate the spectrum of the bunching or
∗
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harmonic content. As the bunching gives the initial radiation
time structure so does the bunching harmonic content give
the spectrum of the initial radiation. Therefore, we use the
equivalent photon energy for bunching at a certain spatial
distance. As an example, if we have a periodic bunching of
1 nm it will coherently radiate at this wavelength and the
equivalent energy of one of these photons is 1240 eV.
To make the analysis more general we use scaled units in
terms of energy spread σe and initial modulation wavelength
λmod1 for the electron energy modulation amplitude, the
dispersion introduced by the two dispersive sections and for
the electron beam chirp. These notations are done following
[2]
• We refer to a beam as having positive chirp when
the head of the beam has higher energy than the tail.
If the electron beam is characterized by a chirp in
terms of [eV/m] the scaled chirp would be Ch =
λ mo d1 Chir p[eV /m]
. We can think of it as how many
2πσe
σe will the energy increase in a wavelength along the
bunch.
• The scaled parameters for modulation amplitude are de0
fined as Ai = E−E
σe . This parameter may be understood
as the beam energy modulation amplitude in units of
energy spread.
• If the normal momentum compaction factor is R56[m],
the scaled dispersion strength, for each section is Bi =
2πR56i ·σe
λ mo d1 E0 . It is useful to think about Bi as the number
of λmod1 a particle with energy deviation of 1 σe is
shifted w.r.t. a particle with reference energy.

GENERAL DISCUSSION ABOUT CHIRP
To study the electron beam phase space and bunching, we
simulate the electrons passing through a scheme presented
in Fig. 1.

Chirp Sign Effects
We analyze the quality of a certain configuration by the
intensity of the bunching harmonic content. To show the
importance of choosing the right dispersion sign for a specific energy chirp (Ch), we simulate two types of energy
chirp equal in amplitude but with opposite signs. The first
dispersive section DS1 is also changed so that we have 4
combinations of chirp and DS1 signs (positive Ch positive
DS1, negative Ch positive DS1 , negative Ch negative DS1
and positive Ch and negative DS1). Each run is optimized
for the same harmonic. Depending on the sign of DS1 there
is a preferential sign for the chirp in the electron beam. As
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Abstract
An overview of the design of compact elliptically polarizing undulator with small round magnetic gap to provide
full polarization control of synchrotron radiation in a more
cost effective manner and consuming less built in space
than the state of the art devices. This type of undulator is
meant as source for the potential future Soft X-ray (SXL)
FEL beamline using the linear accelerator at MAX IV. In
addition, it offers new capabilities for future beamlines at
the 3 GeV ring to use full polarization control to photon
energies using the fundamental harmonic which are not attainable with today's technology of the out-of-vacuum insertion devices at 3 GeV beam energy.

INTRODUCTION
A Soft X-ray Laser (SXL) beamline utilizing MAX IV
Linear accelerator and the FEL technology is being designed at the MAX IV Laboratory and in collaboration between several Swedish Universities. The baseline goal of
the SXL beamline is to generate intense and short pulses in
the range 250-1000 eV [1].
The choice of undulator technology for the SXL beamline is presented in this paper. The final undulator design
must be compliant with the specifications such as the required photon energy range, the full polarization of the
photon beam and the compactness of the structure. The
suitable undulator magnetic circuit structure is the APPLE
X type used at the ATHOS beamline at SwissFEL [2]. This
structure is composed of four permanent magnet blocks
with triangular shape, and magnetized at 45°. They are disposed radially at equal distance around the electron beam
axis. This leads to a symmetric structure, which allows to
obtain the same energy range in all polarization modes. The
polarization tuning is realized by shifting longitudinally
two magnets girder array. In addition, the energy tuning is
performed by moving the permanent magnet blocks radially in order to adjust the magnetic gap. New feature of using a closed support frame to structurally take care of the
magnetic forces, and hence, reduces the size of the undulator considerably.

magnets, with high remanence and big volume, which results in strong magnetic forces and torques and requires a
strong support system of the undulator, in other words, the
undulator becomes bulky and expensive.
The potential upgrade of the injection scheme for the
MAX IV 3 GeV storage ring to use on-axis injection
scheme opens the possibility to use round vacuum chamber, i.e. small and equal acceptances needed by the ring in
the horizontal and the vertical planes.
In addition to the potential use at the 3 GeV ring, the proposed Free Electron Laser beamline in the soft X-rays at
MAX IV using the 3 GeV Linac is a single pass accelerator
and hence also here a round vacuum chamber fulfills the
beam stay clear requirements.
The proposed design of an undulator with round magnetic gap will take advantage of this feature of small acceptances needed in both types of accelerators, the Linac
and storage ring.
Some preliminary design work based on the magnet circuit used at ATHOS but with compact mechanical frame
was carried out for the photon energy range between
250 eV and 1000 eV with full polarization control. A period length of 40 mm and 8 mm diameter magnetic gap can
fulfill the photon energy range and full polarization control
for the proposed soft X-rays FEL at MAX IV. The respective magnetic forces result in a maximum of ~15 μm deformation in all phases at minimum magnetic gap. Using a
magnet girder of aluminum gives an overall transverse dimension of 50 cm diameter. The impact of such structure
on the cost is estimated to be a 30 % reduction on the overall cost of a 3 m long undulator. Other advantages of such
a structure is that the high first eigen-frequency minimizes
the transmittance of ground vibrations and thus provides a
high stability of the source point of the radiation as an advantageous bi-product.

UNDULATOR DESIGN
The out-of-vacuum undulator installed at the MAX IV
rings have an elliptical cross section of vacuum chamber of
(H x V) 38 mm x 8 mm [3]. The large horizontal dimension
is dictated by the fact that the ring is injected by horizontally off-axis electron beam, which requires large horizontal acceptance. One of the consequences is the fact that it
is not efficient from magnetic point of view to produce both
vertical and horizontal magnetic fields of equal intensities
for polarization control. This leads to the use of strong
MC2: Photon Sources and Electron Accelerators
T15 Undulators and Wigglers

Figure 1: Achieved Effective K at minimum gap.
The magnetic material used in the simulations is SmCo
with magnetic remanence of Br=1.1 T for the radially magnetized and the longitudinally magnetized blocks.
TUPRB072
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Abstract

In this paper we report the start-to-end simulation results
of one of the options under consideration for the CompactLight Project (XLS). The XLS is a hard X-ray Free Electron
Laser under design, using the latest concepts for bright electron photo injectors, very high-gradient X-band structures,
and innovative short-period undulators. Presently there exist various tracking codes to conduct the design process.
Therefore identifying the most convenient code is of notable importance. This paper compares the tracking codes,
Placet and General Particle Tracer, using the XLS lattice
based on a S and X-band Injector. The calculation results
in terms of beam quality and tracking performance of a full
6-D simulation are presented.

INTRODUCTION

CompactLight [1] is a consortium funded by the European
Union that encompasses 24 diﬀerent institutions from around
the world [2]. The latest generation of light sources, the
Free Electron Lasers (FELs) [3], are capable of delivering
high-intensity photon beams of unprecedented brilliance and
quality, providing large potential for science. Examples of
operating FELs in the European Union are the FERMI [4]
and FLASH [5] facilities delivering soft X-rays and more
recently the SwissFEL [6] and the EuroXFEL [7] producing
hard X-rays.
Relevant advances in several ﬁelds that drive the design
process of an FEL have been made over the past years. To
mention a few:
• Lower emittance and higher repetition rate photoinjectors.
• High-gradient linacs – Gradients in excess of 100
MV/m, based on CLIC Technology [8].
• Advanced concept undulators.
• Better beam dynamics codes and optimization tools.

These developments could signiﬁcantly reduce the cost and
size of such a facility, making this option a more aﬀordable
investment.
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This paper focuses its attention on the beam dynamics
code item just presented. Identifying the most convenient
code for conducting a comprehensive and optimized study
is of notable importance.

TRACKING CODES
The tracking codes selected for comparison are Placet [9]
and General Particle Tracer (GPT) [10]. These codes are chosen because of their diﬀerent implementation of the physics
that rule the beam dynamics of particles under the inﬂuence
of electro-magnetic ﬁelds. Placet is often called a kickcode, meaning that all beamline elements have an associated
map that transports the particle through that given element.
Thus individual particles are tracked by consecutively applying the transport maps through the beamline. In contrast,
GPT solves the equation of motion of individual particles
by constructing ordinary diﬀerential equations (ODE), and
solving them, using a 5th -order embedded Runge-Kutta integrator [11] with adaptive step-size. Both codes describe the
6-D phase space of the beam, however Placet uses position
(x, y, z), angles (x  , y ) and energy (E) as a function of the
nominal longitudinal coordinate (s), whereas GPT describes
the position (x, y, z) and momentum (px , py , pz ), as a
function of time. Indeed, the ODEs are solved for a given
time step deﬁned by the user, the size of which drives the
accuracy of the calculations at the expenses of CPU time.
In our code comparison study we use the X LS design
(version 2016) obtained by Placet. The lattice is converted
into GPT lattice syntax and the tracking is then repeated. In
the following, we ﬁrst describe the considered lattice and
the initial beam distribution. Secondly the lattice conversion
from Placet to GPT is explained. Afterwards the simulations results are compared as well as the CPU performance.
Finally the examination of the results and the on-going work
concludes the paper.

XLS LATTICE
The XLS lattice can be divided into 3 diﬀerent sections,
namely Injector, Linac and Undulator. An initial list of
design parameters is given in [1] but subject to modiﬁcations
due to future user requirements.
In this study only the Linac section is considered for simulations which considerably reduces the computing time,
since space-charge eﬀects are neglected, as the beam is al-
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Abstract

It is important to verify both by simulation and experiments the wakefields in superconducting radio frequency
(SRF) cavities, which can degrade the electron beam quality
considerably or impose excessive heat load if left undamped.
In this paper, we investigate the Higher Order Mode (HOM)
spectra of the 3.9 GHz SRF cavities, which are assembled in
a cryogenic module and are used to linearize the longitudinal
phase space of the electron beam in the injector of the European XFEL. The HOM spectra are significantly different
from the ones from a single cavity due to the coupling of the
modes amongst cavities. The measurements not only provide direct input for the beam dynamics studies but also for
the beam instrumentation utilizing these modes. The mode
spectra are also investigated with a number of numerical
simulations and the comparison with measurements shows
favorable agreement.

INTRODUCTION

The E-XFEL (European X-ray Free Electron Laser) is
a free electron laser facility based on the superconducting
accelerating technology, which enables the generation of
27000 X-rays pulses per second for various experiments [1].
The facility is approximately 3.4 km long and contains 97
accelerating superconducting cryomodules. Each module
hosts eight superconducting TESLA (TeV Energy Superconducting Linear Accelerator) [2] cavities that operate at
approximate 20 MV/m to accelerate the electron beam up to
17.5 GeV for the X-ray production. In order to reach a kA
beam current for the later X-ray production in the undulator
line, three magnetic bunch compressors are used [1].
At the injector part of the E-XFEL, there is a cryomodule
hosting eight 3.9 GHz cavities which are used to linearize the
longitudinal beam phase space for better bunch compression
[3]. The module is shown in Fig. 1 and technical details can
be found in [3, 4].
When an electron beam traverses a superconducting accelerating cavity, it excites electromagnetic fields, which
can be decomposed into a series of modes, resonant electromagnetic fields that oscillate with distinctive frequencies
and field distributions. Among them, HOMs (Higher Order
∗
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Figure 1: The third harmonic module with eight cavities
inside at the injector of the E-XFEL.

Modes) are the modes with frequencies higher than the accelerating mode. These modes are in general detrimental to
the electron beam quality and can greatly influence the beam
dynamics and cause excessive heat load for the cryogenics
if left unchecked [1, 5]. Therefore, they have to be damped
via specially designed RF couplers [2, 6].
On the other hand, these modes can be used for the beam
instrumentation such as beam position monitoring [7, 8],
beam phase monitoring [9], cavity tilt inference [10] developed for the TESLA 1.3 GHz cavities. The beam position
monitors have also been developed for the four 3.9 GHz
cavities for FLASH (Free Electron Laser in Hamburg) [11].
These 3.9 GHz cavities are a down scaled version of the
1.3 GHz cavities. The wakefield effect is more severe and
complicated than for the 1.3 GHz cavities [11]. Therefore
extensive measurements were made to ensure that all modes
in the first few dipole bands are damped sufficiently. On the
other hand, this guarantees that the signal level is sufficient
to drive a beam monitor.
Numerical simulation is required in order to understand
the electromagnetic mode behavior, which also provides
reference for the experimental measurements. The direct
simulation of eight cavities would require significant simulation memory and computation power. Therefore two
techniques that try to reduce the computation efforts are
developed. The method based on the so-called State Space
Concatenation (SSC) is reported in [12]. The results based
on the Generalized Scattering Matrix (GSM) are reported
here. These methods significantly reduce the computation
memory and time and make the simulation feasible on a
desktop class computer.
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Abstract

tune-up dump

The proposed electron-hadron collider LHeC, based on an
energy recovery linac, employs an electron beam of 20 mA
current at an energy of tens of GeV. This electron beam could
also be used to drive a free electron laser (FEL) operating at
sub-Angstrom wavelengths. Here we demonstrate that such
FEL would have the potential to provide orders of magnitude
higher peak power, peak brilliance and average brilliance,
than any other FEL, either existing or proposed.

INTRODUCTION

The high-current ERL of the proposed LHeC [1] could
also be used to drive a Free Electron Laser (FEL) [2]. Indeed
ERL-based FELs already operated, and operate, successfully in the electron-energy range of 10 to 200 MeV, e.g. at
BINP [3], JAEA [4], and JLAB [5]. A superconducting
energy-recovery linac with a higher beam energy of 0.5–1.0
GeV was proposed to produce 13.5 nm radiation, at 5 kW average power [6]. Most similar to the LHeC-based FEL would
be a possible upgrade of the European XFEL, also based on
an ERL-type of operation, with 100% duty factor and an average brightness of 1.64 × 1025 photons/s/mm2 /mrad2 /0.1%
bandwidth at 8.5 GeV beam energy [7].
In the LHeC design, a 500 MeV electron bunch from the
injector is accelerated over three turns in two 10 GeV SC
linacs, so as to reach 60 GeV. Three further revolutions, now
with deceleration, reconvert the energy of the beam back
to RF energy [1]. The beam emittance and energy spread
increase with beam energy due to quantum ﬂuctuations.
For the LHeC conﬁguration, the electron-beam emittance
is not critical, since the proton-beam emittance is quite large.
On the contrary, in order to reach low wavelengths in FEL
operation the beam emittance must be suﬃciently small.
Because of this requirement, the electron beam energy has
been chosen to be 40 GeV for FEL operation rather than
60 GeV, which can be achieved in two revolutions (Fig. 1).
The accumulated relative energy spread induced by quantum
ﬂuctuations and the normalized emittance due to synchrotron
radiation in the LHeC ERL arcs at 40 GeV beam energy is 5×
10−5 and 0.5 μm, respectively. If necessary or useful, these
numbers could be reduced by various optics modiﬁcations,
e.g., by shortening the length of the arc cells.
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Figure 1: LHeC ERL reconﬁgured for FEL operation.

BUNCH COMPRESSION
One of the concerns with the LHeC conﬁguration is the
need to compress the bunches for FEL operation. Bunch
compressors based on chicanes, arcs or wigglers are well
established in the case of single-pass systems [8–10]. For
example, choosing the proper linac conﬁguration, in the
downstream arcs of the SLAC Linear Collider (SLC) the
rms bunch length could be compressed by more than an
order of magnitude, from more than 1 mm down to about
50 μm [11]. A recirculating linac oﬀers additional degrees
of freedom to compress the bunch and also to tailor its longitudinal proﬁle, respectively, e.g. by exploiting the linear
momentum compaction in each of the return arcs of the
recirculating linac, and by controlling (and cancelling) the
second-order momentum compaction through the arc by
means of sextupole magnets [12].
We modelled and simulated possible bunch compressor
scenarios for the LHeC-based FEL, and found that rms bunch
lengths of order 7 μm appear possible [13]. Table 1 presents
the electron beam parameters which we have chosen for our
LHeC-FEL study. We assume that the bunch is compressed
by about a factor of 40 at the location of the undulator, from
an initial rms length of 300 μm to an rms length of about
7 μm, as obtained in our simulation. The large bending
radius of the LHeC, ρ ≈ 760 m, combined with a small
vacuum chamber, suppresses the emission of synchrotron
radiation at long wavelengths and, in particular, the emission
of CSR [14, 15]. With a reduced pipe diameter of d ≈ 7 mm
at the end of the fourth arc, we would obtain CSR shielding
down to σz,sh ≤ 7 μm, our target bunch length [13].
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Abstract
The Taiwan photon source (TPS) is a 3 GeV synchrotron
light source now in routine operation at the NSRRC. At the
beginning of beam commissioning, significant photon flux
dips could be observed at injection due to a blow-up of the
beam size. To eliminate this transient effect, all four
kickers were rematched. The leakage field was shielded
and the induced current loops at vacuum chambers in the
injection area were also eliminated. These efforts reduced
the horizontal betatron oscillations and orbit distortions to
around one-tenth. In order to decrease the recovery time of
photon dips during injection, the operational chromaticity
was reduced to improve incoherent effects. After all those
improvements, the photon flux dips during injection
dropped to 30 % and the recovery time to less than 1 msec.

four kickers come from the mismatch of the four kickers,
which can be improved by re-matching the kickers. The
betraton oscillations are higher when all four kickers and
both septa were fired compared to only four kickers alone
because the beam is moved closer to the septa and gets an
extra kick due to stray fields in the off-axis injection. The
extra kick strength increases as the beam is moved closer
to the septa. Therefore, the leakage fields coming from the
septa should be shielded to minimize such oscillations.

INTRODUCTION

The Taiwan Photon Source (TPS) is a third-generation
light source to provide a highly brilliant beam with top-up
injection at the NSRRC [1]. It consists of a 150 MeV linac,
a 150 MeV to 3 GeV booster ring (BR) and a 3 GeV storage
ring (SR). The BR and SR share the same tunnel. Two halfsine wave septa in the booster to storage (BTS) transfer line
need to deflect the beam around 120 mrad within a limited
space, shown in Fig. 1. The design field are 0.63 T and 0.56
T to bend the beam for 3.6 o and 3.18o for the up- and
down-stream septa, respectively. Four kickers (K1-K4) are
installed in the first straight section [2] with kick angles of
around 4.5 mrad with a pulse current of 2200 A [3].

Figure 1: Layout of the injection section.

BEAM MOTION AT INJECTION DURING
BEAM COMMISSIONING

During beam commissioning, the beam orbit showed
large betatron oscillations in the turn-by-turn (TBT) data,
i.e. (േ 3 mm in the horizontal and േ 0.15 mm in vertical
plane) during the injection, as shown in Fig. 2. These beam
oscillations can be observed only when kickers and septa
or only the four kickers are fired. No oscillation can be
observed when only the two septa are fired, because the
septa pulse width (~ 370 sec) is too long to excite betatron
oscillations [4]. The orbit distortions, as the septa are fired,
come from stray fields [5], i.e. eddy currents and leakage
fields of the septa. The betatron oscillations caused by the
____________________________________________
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Figure 2: Turn-by-turn data of horizontal and vertical beam
positions in BPM021 as two septa and four kickers or four
kickers or two septa are fired separately.

STRAY FIELD REDUCTION AND
KICKERS MATCHING
The first step to reduce the beam motion during injection
is to rematch the four kickers and shield the leakage fields
for the kickers and septa to the beam with mu-metal. From
the 10 kHz data in Fig. 3(a), the horizontal beam motion at
BPM021 becomes smaller but do not meet our expectation.
Measuring the induced currents around the vacuum
chamber in the injection area, values as high as ~750 A
were detected. This current depends on where the current
probe is set. This means large currents flow in the vacuum
chamber around the intersection of the BTS and storage
ring which disturb the beam significantly. Therefore, the
BTS is isolated from the storage ring and the grounding of
the BTS is improved to reduce the induced current from the
septa to the beam, as the red line shows in Fig. 3 (a).
There is one positive and one negative peak in the 10
kHz data, one peak occurring around 0.3 ms and the other
around 0.7 ms. The first peak mainly comes from leakage
fields and induced currents in the injection area. The
second peak comes from eddy currents. Plotting the orbit
distortions at 0.3 ms and 0.7 ms as shown in Fig. 4, we
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities

This is a preprint — the final version is published with IOP

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRB083

STATUS OF CLARA FRONT END COMMISSIONING AND FIRST USER
EXPERIMENTS
D. Angal-Kalinin1#, A. D. Brynes1, R. K. Buckley1, S. R. Buckley1, R. J. Cash, H. M. Castaneda
Cortes1, J. A. Clarke1, R. F. Clarke, L. S. Cowie1, P. A. Corlett1, G. Cox, K. D. Dumbell1,
D. J. Dunning1, B. D. Fell, P. Goudket1, A. R. Goulden1, S. A. Griffiths, M. D. Hancock,
J. Henderson1, J. P. Hindley, C. Hodgkinson, F. Jackson1, J. K. Jones1, N. Y. Joshi1, S. L. Mathisen1,
J. W. McKenzie1, K. J. Middleman1, B. L. Militsyn1, A. J. Moss1, B. D. Muratori1, T. C. Q. Noakes1,
A. Oates, T. H. Pacey1, M. D. Roper1, Y. M. Saveliev1, D. J. Scott1, B. J. A. Shepherd1, R. J. Smith1,
W. Smith, E. W. Snedden1, M. Surman1, N. Thompson1, C. Tollervey1, R. Valizadeh1, D. A. Walsh1,
T. M. Weston1, A. E. Wheelhouse1, P. H. Williams1, J. T. G. Wilson,
STFC, Sci-Tech Daresbury, UK,
1
also at Cockcroft Institute, Sci-Tech Daresbury, Warrington, UK
axis in-vacuum motorised support system for user devices
Abstract
CLARA (Compact Linear Accelerator for Research and
Applications) is a test facility for Free Electron Laser
(FEL) research and other applications at STFC's
Daresbury Laboratory. The first exploitation period using
CLARA Front End (FE) provided a range of beam parameters to 12 user experiments. Beam line to Beam Area 1
(BA1) was commissioned and optimised for these experiments, some involving TW laser integration. In addition
to the user exploitation programme, significant advances
were made to progress on machine development. This
paper summarises these developments and presents the
near future plan for CLARA.

INTRODUCTION
Since completion of installation of the CLARA FE, the
progress on commissioning has been reported in conferences in 2018 [1, 2]. From September’18 till March’19,
CLARA FE beam was delivered to 12 user experiments
covering wide range of disciplines; novel diagnostics and
technology, novel acceleration as well as deflection concepts and medical applications. High energy beam from
CLARA FE is transported through a compact S-bend
beamline (C2V) to VELA beam line which incorporates a
separate shielded enclosure for BA1. Five experiments
were carried out in the accelerator hall and seven experiments were carried out in BA1, of which four experiments used the TW laser. During the exploitation period,
time was shared to make progress on machine development, RF conditioning of high repetition rate gun [3] on
the VELA line and to further develop high level software.
This paper presents the commissioning of BA1 beamline,
progress on machine development and summarises near
future plans.

BEAM AREA 1 COMMISSIONING
BA1 has a dedicated beamline for user experiments
with a large, 2.3 m long, easily accessible vacuum chamber as well as a set of standard diagnostics (energy spectrometer, YAG screens, and beam position monitors
(BPMs)). The vacuum chamber is equipped with further
YAG
screens on motorised translation stages and a multi___________________________________________
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MC2: Photon Sources and Electron Accelerators
A06 Free Electron Lasers

at the interaction point (IP). The layout is fully reconfigurable to optimise it for a particular experiment and allows
for a flexibility to add additional components, e.g. beam
collimators, coherent transition radiation (CTR) targets
etc. A number of experiments within the exploitation
programme require accurate characterisation of generated
CTR or coherent Cherenkov radiation (CCR) in the THz
range of frequencies. This is accomplished with a
Martin-Puplett interferometer positioned outside the
chamber. The radiation from THz sources is collected and
collimated with the off-axis parabolic (OAP) mirror and
transported out through a z-cut quartz window. The
interferometer is removable to provide space for experiments not requiring THz measurements.
Most user experiments in BA1 require smallest transverse beam size at the IP and shortest sub-ps bunch length
as a baseline machine setup. Further flexibility is required in terms of bunch charge (from ~100 pC down to a
few 10s of pC), bunch length (from sub-ps to a few ps),
and even the sign of the energy chirp (positive or negative). A generic baseline machine setup was developed
that satisfied the variety of requirements with only minor
adjustments in machine settings. Setting transverse beam
dynamics was relatively straightforward resulting in noloss beam transport to BA1 and transverse beam sizes of
70-100 µm (rms) at IP. Special care was taken to ensure
minimisation of optical function x at the position of the
energy spectrometer screen resulting in estimated energy
resolution of better than ~50 keV.
Longitudinal compression of the bunch takes place in
C2V section. The negative signs of R56 and T566 offered
in C2V require the linac to introduce a positive energy
chirp (head of the bunch of higher energy). This is followed by a long beam transport of ~ 15 m to reach the IP
in BA1. At 35.5 MeV/c beam momentum, simulations
demonstrate that although the bunch length is only weakly affected by the beam space charge, the energy spread
increases significantly over that distance especially in the
case of maximum compression. This is illustrated in
Fig.1. The difference between energy spread values increases steadily with further off-crest linac phases until
approximately 8° where a sharp increase in E takes place
TUPRB083
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Abstract
The success of modern particle accelerators depends on
good high level software. Over the past few years an integrated framework has been developed to better connect
machine physicists to VELA/CLARA at the STFC’s
Daresbury laboratory. This framework is comprised of a
number of tools, including, a C++/Python API to interface
to the EPICS control system with which all high level software can be developed. The API is encapsulated, extensible and designed to grow as further phases of CLARA are
installed. The API is seamlessly integrated with the
VELA/CLARA virtual accelerator and other activities by
the simulations group. As well as presenting the design
choices and methodology we will give an overview of the
first control room applications built using our tools and
how they will form the basis for a new programme of machine learning and optimisation on CLARA.

INTRODUCTION & OVERVIEW
VELA/CLARA [1, 2] are complementary, compact electron linear accelerators at the STFC’s Daresbury Laboratory, designed as an R&D machine for novel FEL schemes
and as an underpinning technology demonstrator for a future UK-XFEL, a large scale national facility. CLARA also
delivers beam for user exploitation experiments ranging
from novel acceleration to efficacy tests for cancer therapies. Optimised operation of machines such as CLARA is
non-trivial. There are many non-linear processes and complex dynamics that must be mitigated in order to achieve
best outcomes. Due to the different applications of CLARA
there is also a requirement to provide flexible set-ups with
automated optimisation techniques being desirable. There
are also many new and emerging techniques in machine
learning and intelligent controls that are yet to be fully applied to these challenges [3-5]. Over the past 5 years a network of software tools, protocols and data has been developed with the aim of integrating the design, simulation,
commissioning, characterisation, operation and optimisation of CLARA: CLARA-NET. CLARA is an ideal machine for this development work as:
It is being built in phases, and each phase has a design,
installation, commissioning and operation stage, allowing
subsequent phases to learn from previous ones. This gives
chances to test new ideas and iterate in a timely manner.
It is an R&D machine with a significant proportion of
operation time dedicated to Machine Development and
prototyping solutions.
CLARA has a role to provide beam for underpinning
technology demonstrations for the future UK-XFEL (e.g.
___________________________________________
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cavity BPM, RF structures). CLARA-NET forms a core
part of that technology demonstration.
The required operational flexibility with diverse exploitation programme makes an ideal proving ground for new
methods aiming to provide this flexibility.
The scope of CLARA-NET is too large to be discussed
here, instead the main components and the workflows used
for High Level Software Development will be presented.

The Virtual Accelerator (VA)
The VA is a digital copy of the Physical Accelerator
(PA) [6]. It is comprised of an Online Model (accurate simulation model of the physical machine [7]), a Virtual Control System and Virtual Hardware. The VA relies on various
Data Stores, e.g. previous simulation results and the Master
Lattice, (a mark-up language repository of all ‘offline data’
such as element specification, measured performance, lattice positions, controls variables, etc.). All these parts are
connected via Python scripts that provide a common user
interface. The VA has a Simulation Framework that can
simulate the beam dynamics using a suite of codes, with
settings applied either directly, or read from the Virtual or
Physical Control System. Results from the simulation are
added to the Data Store and can also be written to the Virtual or Real Control Systems. (Within CLARA-NET
switching between the PA or VA is as simple as setting a
flag in user-code and therefore this distinction need not be
explicitly stated in what follows.) Used in this way it is
easy to see how the VA can be an invaluable tool for designing High Level Applications, test optimisations (in the
virtual or physical space) and gives access and insight to
‘hidden’ parameters such as the 6D-emittance of the beam.
Figure 1 gives a schematic of example workflows using the
VA.

High Level Application Development Tools
A ‘High Level Application’ (HLA) is an automated set
of procedures/protocols to perform a specific task on the
machine (e.g. a beam measurement). Two of the aims of
this part of CLARA-NET are to; encourage new developers
from a pool of staff with little application development experience; set common standards of design, tools and workflow such that different developers can take over existing
applications with minimum overhead. To achieve this there
are a number of preferred tools used by all HLA. Agile project management tools, such as Github [8], Trello [9] and
Slack [10] provide open access to all stages of application
lifecycle. HLA are written in Python, using a small set of
libraries, including PyQT [11] and NumPy [12]. All HLA
make use of a common C++/Python middle-level-interface
to the control system, CATAP: ‘Controls Abstraction To
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FOUR X-RAY PULSES WITHIN 10 ns AT LCLS*
F.-J. Decker†, W.S. Colocho, S.H. Glenzer, A.A. Lutman, A. Miahnahri,
D.F. Ratner, J.C. Sheppard, S. Vetter, SLAC, Menlo Park, CA 94025, U.S.A.
Abstract
The X-Ray FEL at SLAC or LCLS delivers typically one
bunch at the time. Different schemes of two bunches have
been developed: Two bucket, twin bunch, split undulator,
and fresh slice. Here we discuss a four bunch or even eight
bunch setup, separated by 2 RF buckets or 0.7 ns. The demand comes from MEC (Matter in Extreme Conditions)
experiments [1], where high-power laser beams with Jouleclass energies create impulsive pressure waves compressing materials on time scales of the order of ns. Eight snapshots for a single experiment will allow measuring the
compression history, structural phase transitions into new
high-pressure material states, and have the potential to resolve the transition kinetics time scales.

TWO BUNCHES
Many photon experiments have been performed using
two bunches with up to 210 ns separation for pump-probe
and probe-probe setups [2]. There is still the problem for
further separations due to differences in RF kicks which
require small kickers to get the transverse overlap [3]. Here
we discuss two additional two bunch observations.

Figure 1: Profile monitor screen 270 m downstream of the
K-Mono. The first bunch is where the two central lopes are
(from the old, non-prefect mirrors). The second bunch is
from pulse to pulse very different and here on a part of a
circle which is already outside some collimation jaws.

K-Mono Heating Effect
It was observed that the second beam was moving
around far down stream (270 m) on a screen (Fig. 1) after
going through a K-Mono. The local heating on the first reflecting (and absorbing) surface deforms it enough so that
the second bunch is deformed into a ring with about 5-8
sigma radius. This behaviour was observed at 23.8 ns separation and about 1.5 mJ per bunch. By reducing the photon intensity which is necessary anyway for probe-probe
experiments, which require the K-Mono, the second bunch
got stable too.

Bunch Separation Jitter
For the typical experiments with a few to many ns time
separation it is not very relevant to how much this separation jitters. This changes when looking into an oscillator
scheme [4] where the x-rays of the first bunch are sent back
over many meters to seed the next bunch. In this scenario
the jitter should be a fraction of the bunch length. Figure 2
(top) shows the two bunches which were 122.5 ns apart on
the screen just before the dump. The measured bunch
lengths were around 100 fs (FWHM). The left bunch is
somewhat longer and the right bunch shows micro-bunch
energy ripples (vertical) since only one laser heater was
setup. The time separation jitter distribution of the two
bunches is with 12 fs (rms) about a factor of 3.5 smaller
than the rms bunch lengths (Fig. 2 bottom).
___________________________________________

* Work supported by U.S. Department of Energy, Contract DE-AC02-76SF00515.

Figure 2: Two-bunch timing separation jitter measured by
looking at the bunch separation on the dump screen (top)
which is used together with the transverse deflection cavity
XTCAV.

† Decker@SLAC.Stanford.edu
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GENERATION OF HIGH PEAK POWER HARD X-RAYS
AT LCLS-II WITH DOUBLE BUNCH SELF-SEEDING
A. Halavanau, F.-J. Decker, C. Emma, G. Marcus, A.A. Lutman, Z. Huang,
Y. Ding, D. Zhu, J. Krzywinski, C. Pellegrini1
1 SLAC National Accelerator Laboratory, Stanford University, Menlo Park CA 94025, USA
DOUBLE-BUNCH FEL (DBFEL)

Abstract
We propose to use existing LCLS copper S-band linac
double bunch infrastructure to significantly improve LCLSII hard X-ray performance. In our setup, we use the first
bunch to generate a strong seeding X-ray signal, and the
second bunch, initially traveling off-axis, to interact with
the seed in the amplifier undulator and generate a near TW,
15 fs duration X-ray pulse in the 4 to 8 keV photon energy
range. We investigate, via numerical simulations, the required transverse beam dynamics and the four crystals X-ray
monochromator to be added to the existing LCLS-II beamline and discuss the final properties of the hard X-ray pulses
and their potential application in high intensity, high-field
physics experiments, including QED above the Schwinger
critical field.

INTRODUCTION
Recent developments in laser technology will open the
avenue for previously unseen highly nonlinear regimes of
light-light, and particle-light interactions [1, 2]. At SLAC,
such experiments are planned at FACET-II facility using
the ultra-relativistic electron beam and a high power CO2
laser. Recent numerical studies revealed that in doublebunch configuration one can significantly improve the X-ray
FEL power to TW scale by tapering the amplifier section [3–
9]. Furthermore, colliding TW X-ray pulse with GeV scale
electron beam, one can increase the electric field strength
in the electron rest frame by many orders of magnitude. To
provide even larger electric field, one may further reduce
the X-ray spotsize. For example, a 4 keV 1 TW X-ray pulse,
focused down to 10 nm spotsize, yields 1015 V/m, a value
similar to obtainable in a PW laser. When back-reflected and
collided with GeV-scale electron beam, the field gradient in
the electron rest frame is increased by a factor of γ or 104
times, providing maximum of 1019 V/m, above Schwinger
critical field (1.32 × 1018 V/m). In addition to high field
physics, TW X-ray pulses are required for single particle
imaging [10].
Recently X-ray focusing capabilities to single nm scale
have been extensively explored at SACLA using KB-mirrors
[11,12]. We envision this technique will be extended to high
power X-ray pulses in the near future, making the presented
study feasible. Such experimental infrastructure, when built,
would allow many new fundamental physics experiments,
previously impossible, and therefore owing the main motivation for our research.
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In our proposed experimental scheme, shown in Fig. 1, we
consider two bunches generated at the photocathode, spaced
1.05 ns, or three RF-buckets, apart. The two bunch separation is determined by the real-estate constraints of the HXR
electron beam chicane; see Fig. 1. The two bunches are accelerated and compressed using LCLS copper linac, to yield
15 fs flat-top bunch duration and 4 kA beam current. First
bunch is expended after lasing in the first 7 undulators, while
the second bunch, propagated initially off-axis, is overlapped
with the radiation field in the tapered amplifier section. We
will further refer to the system displayed in Fig. 1 as doublebunch FEL or DBFEL. For the detailed description of the
DBFEL system, we refer the reader to [13]. The capability
of producing and accelerating two bunches with LCLS copper linac has been repeatedly demonstrated in [14–16] for
bunch separation in range of 0.35-200 ns. Measurements
of the relative two bunch time jitter were done for different
separations and found to be less than 10 fs. An analysis of
a dataset for 50 ns bunch separation is presented in Fig. 2,
where we found the timing jitter to be 5.9 fs RMS.

NUMERICAL STUDIES OF DBFEL
The first step in studying the DBFEL is elegant simulation of the LCLS Cu linac transport line, including linac
wakefields and compression [17]. The resulting electron
beam distribution is then converted and passed to the FEL
code genesis [18] wrapped into additional package for analysis and tapering optimization [19]. A detailed numerical
study, assuming given electron beam parameters, was done
in our recent paper [13]. Here we only give a brief summary
of the start-to-end simulation results.
After propagating through the SASE section (first 7 LCLSII HXR undulators), the maximum SASE power for 4 keV
photons is about 6 GW. It is then reduced to about 150 MW
after the C ∗ (111) monochromator and delayed and overlapped with the second bunch. Figure 3 illustrates the XFEL
power as a function of distance in the LCLS-II HXR undulator for 4 keV photons.
With 1.05 ns separation, the second bunch is subject to
longitudinal and transverse wakefields introduced by the first
bunch. The effect of the longitudinal wakefield (monopole
kick) can be compensated by tuning the phase of the laser
at the photocathode [13, 14]. Transverse wakefield in the
leading order can be calculated by using an expression from
Í
[20]: Wy (t) = 2κy1n sin (2π f1n t)e−π f1n t/Q1n , where f1n
and κy1n are the modes’ frequencies and kick parameters
respectively, and Q1n ≈ 18000. A plot of the long-range
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UNDULATOR RADIATION GENERATED BY A SINGLE ELECTRON
A. Halavanau1 , D. Seipt2 , I. Lobach3 , T. Raubenheimer1 , S. Nagaitsev3 , Z. Huang1 , C. Pellegrini1
1 SLAC National Accelerator Laboratory, Stanford University, Menlo Park CA 94025, USA
2 University of Michigan, Ann Arbor MI 48109, USA
3 Fermi National Accelerator Laboratory, Batavia IL 60510, USA
Abstract
The facilities providing single electron beams are currently being commissioned at Fermilab and will be at SLAC.
Recently, Fermilab’s IOTA ring routinely demonstrated circulation of a single electron at 100 MeV beam energy. Alternatively, SLAC is working on constructing LCLS-II an
X-ray FEL driven by a 4 GeV SRF linac. A parasitic beamline, S30XL, is planned that will extract 4 GeV dark current
from between the primary LCLS-II electron bunches. The
dark current will be delivered to End Station A and can work
independently of LCLS-II experiments. The dark current
will be bunched at a frequency of 46 MHz while extracted
current varied from single electrons to 10’s of nA. In the
present paper, we estimate the feasibility of propagating single electron beams through a conventional undulator, placed
in the IOTA and S30XL beamlines. We explore the possible
observable eﬀects and experimental parameters range. In
addition, we focus on potential applications of such beams
in systems for high ﬁdelity quantum measurements.

moment, single electron quantum dots, and ultra-precise
nano-assembly [5–7]. With the development of fourth and
ﬁfth generation X-ray light sources around the world, it becomes increasingly important to learn about the quantum
nature of electrons and their interaction with electromagnetic ﬁelds. Ultimately, a single electron in an accelerator is
free of collective eﬀects, therefore is the “cleanest” probe of
non-perturbative QED.

THEORETICAL OVERVIEW
We ﬁrst introduce two parameters to quantify the strength
of electromagnetic processes [8]. First, the classical intensity
parameter deﬁned as

e Aμ Aμ
eE
(1)
≈
ξ=
2
mcω
mc
is equivalent to the undulator K parameter and is a Lorentz
and gauge invariant. Second, the quantum parameter is also
an invariant and is associated with the ﬁeld strength:

MOTIVATION

χ = γB/Bcr ,

In an accelerator, electrons are subject to interaction with
external electromagnetic ﬁelds via Compton scattering, and
collective interaction via electromagnetic forces. Both effects can be theoretically described, in the leading order, by
using a classical electromagnetic Hamiltonian, as shown by
Glauber [1]. Under such conditions, electrons may be assumed to be spin-less charged scalar-like particles or Volkov
wavefunctions dressed by a classical background ﬁeld [2].
However, due to the improvement of electron beam manipulation techniques, magnets, and SRF technology, particle
accelerators can enter new regimes where collective quantum eﬀects start to play a key role. For instance, plasma acceleration, laser ﬁelds inside dielectric structures, and solid
state acceleration, may involve electron current densities and
acceleration gradients that alter quantum mechanical states.
When sent to a very short-period undulator, e.g. an optical
undulator, with large K parameter, the process of undulator
radiation cannot be fully explained by means of classical
perturbation theory and requires complete non-perturbative
quantum mechanical treatment Dirac electron states [3, 4].
A path to getting a better understanding of the nonperturbative eﬀects in accelerators is to experimentally study the
behavior of a single electron. Examples of such studies include operation of a storage ring with single electron (IOTA,
Fermilab), single electron source for dark matter search (proposed S30XL experiment at SLAC), low emittance dielectric
laser accelerators, searches for anomalous electron dipole

where Bcr = 4.4 × 1013 G is the critical Schwinger ﬁeld
intensity. Moreover, ξ is only well-deﬁned in an oscillating
laser/undulator ﬁeld and → ∞ for a constant ﬁeld (ω → 0).
The two parameters are related with the quantum electron
recoil ρ as: χ = ξ ρ. In the current generation of electron accelerators, ξ-parameter can be ξ ≥ 1 in undulators, wigglers
and strong dipole magnets, while χ is almost always taken
to be negligible because of ρ → 0. It may, however, become
non-zero for the case of optical or quantum undulator.
In the most general form, the Lagrangian density in the
presence of strong external ﬁeld is [9]:

MC2: Photon Sources and Electron Accelerators
A06 Free Electron Lasers

(2)

1
Fμν F μν ,
16π
(3)
where ψ is electron spinor, Aext is the vector-potential of
the external ﬁeld, γμ are the Gamma matrices, and Fμν is
the electromagnetic ﬁeld tensor for non-background ﬁeld
photons. The spinor solutions of the Dirac equation with the
Lagrangian density deﬁned as Eq. (3) are “dressed” by the
background ﬁeld and called (Dirac-)Volkov states. In this
formalism, synchrotron and undulator radiation considered
a Compton scattering of the external ﬁeld photon by the electron, will be represented as a decay of a Volkov state. Figure
1 illustrates Compton scattering eﬀect in ﬁrst and second
order of perturbation theory. Note, that there are two contributions to the two-photon eﬀect, both included in the Volkov
L = ψ̄[γ μ (i∂μ − eAext,μ ) − m]ψ − eψ̄γ μ ψ Aμ −
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PRELIMINARY CONSIDERATIONS OF ATOMIC INNER-SHELL X-RAY
LASER FOR SELF-SEEDING AT LCLS-II
A. Halavanau1 , A. Benediktovitch2 , N. Rohringer2 , J. Wu1 , C. Pellegrini1
1 SLAC National Accelerator Laboratory, Stanford University, Menlo Park CA 94025, USA
2 Center for Free Electron Laser Science, DESY, Hamburg, Germany
Abstract
The atomic inner-shell X-ray lasing, induced by the irradiation of focused XFEL SASE pulses, was demonstrated
in gases, liquid jets and solids. In this proceeding, we discuss the possible use of this concept in self-seeding scheme
at LCLS-II. We provide a preliminary study of diﬀerent
lasing media and corresponding SASE XFEL parameters.
For the case of noble gas inner-shell X-ray laser, we study
the requirements for gas pressure and XFEL pulse focusing.
Finally, we discuss possible designs of this system and its
advantages in LCLS-II operations.

OVERVIEW OF ATOMIC INNER-SHELL
X-RAY LASING
Atomic inner-shell X-ray laser (XRL) concept has been
theoretized in the 60s and experimentally veriﬁed in the
recent experiments at LCLS facility and worldwide. The
most recent experimental realizations of atomic XRL include
lasing with Ne gas [1, 2], Mn(II) and Mn(VII) complexes in
solution [3], Cu metallic foil [4].
The principle of the atomic XRL is attributed to fast photoionization of the inner-most atomic levels, yielding population inversion. The spontaneous ﬂuorescent radiation in
such medium undergoes ampliﬁcation, and, if the amount of
inverted atoms is large enough, superﬂuorescence can take
place. In this case the stimulated ﬂuorescence becomes the
dominant process of deexcitation of atoms, and the stored
energy of atomic excitation is released in the form of short
bursts in the forward direction. This phenomenon is known
in optical domain [5], however in X-ray domain speciﬁcs
of pumping and competing de-excitation processes should
be considered – resulting in need for dedicated approaches
suitable in the X-ray domain. The simplest approach based
on rate equations for atomic state occupations and radiation
ﬂux [6] can provide estimates on the intensity gain. A more
detailed description including spectral properties as well as
strong non-linear behavior (like Rabi oscillations) can be
obtained based on semi-classical Maxwell-Bloch approach.
However, the semi-classical Maxwell-Bloch equations do
not describe the quantum properties of the electromagnetic
ﬁeld that manifest themselves as spontaneous emission and
seeds the intensity growth. In order to model them, a semiphenomenological noise terms were introduced in the equations describing the atomic polarization [7,8]. However, this
approach is known to describe incorrectly the initial stage of
the ampliﬁcation process [9]. Recently, a uniﬁed description
of both spontaneous and stimulated radiation processes was
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proposed in [10], the description is based on equations for
two-point correlation functions.

PROPOSED EXPERIMENTAL SETUP
A common requirement for the self-seeding in XFELs is
the narrow bandwidth of the seeding radiation. It can be
achieved in several ways, e.g. including, diﬀraction gratings,
transmissive and reﬂective crystals inserted in the SASE
pulse optical path. Due to selective Bragg diﬀraction process, the resulting bandwidth is signiﬁcantly reduced compared to the original SASE pulse. The typical bandwidth
in current soft X-ray (SXR) self-seeding grating systems
is 5 × 10−4 . Atomic XRL, due to the discrete quantum nature of the atomic levels, is an excellent candidate for X-ray
monochromator. It is, however, not tunable on the contrary to
a reﬂective/transmissive crystal, and thus such self-seeding
method can be considered as complimentary to the existing
ones.
Our proposed experimental setup shown in Fig. 1 consists
of a short SASE undulator section, an electron beam chicane with a gas cell mounted in the middle, and the tapered
ampliﬁer undulator section downstream of the chicane. It is
identical to the existing SXR/HXR self-seeding setup with
the crystal being replaced with a gas cell. To assess the performance of a gas cell, we considered LCLS-II SXR/HXR
undulators beamline with the existing self-seeding setup replaced with an atomic XRL. We ﬁrst note that a similar setup
has been recently investigated in [11]. In this proceeding,
we restrict our study to the regular two stage self-seeding
with no X-ray focusing into the gas-cell. The formalism
developed in [10] allows for the XRL performance calculation, therefore one can estimate the optimum macroscopic
gas parameters, such as pressure, temperature and resulting
gas cell length for a maximum photon yield. One possible setup, the noble gas is constantly pumped through a
rectangular nozzle with small apertures on the sides for incoming/outgoing X-rays. The gas is recirculated to maintain
constant temperature and pressure, and corresponding XFEL
pulse parameters are ganged in Tab. 2. In the simulations
we consider a ﬂat rectangular sheet of gas of the width z
traversing through the vacuum chamber under constant pressure.

Self-Seeding with a Noble Gas
Naturally, the most convenient element for atomic XRL
application in self-seeding is a noble gas. Here we investigate potential noble gas choices for SXR/HXR self-seeding
assuming XRL operates on inner-most K-shell levels only.
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STUDY OF XFEL THIRD HARMONIC RADIATION AT LCLS
C. Emma, A. Halavanau, G. Marcus, A.A. Lutman, T.J. Maxwell, M.W. Guetg, Z. Huang, C. Pellegrini
SLAC National Accelerator Laboratory, Stanford University, Menlo Park CA 94025, USA

Abstract
In this paper, we focus on characterization of the nonlinear
third harmonic radiation properties at Linac Coherent Light
Source (LCLS). In addition, we experimentally perform third
harmonic self-seeding, using diamond crystal attenuator in
the hard X-ray self-seeding chicane. We discuss warm beam
effects in such scheme, justifying recently proposed two
bunch configuration for harmonic lasing.

INTRODUCTION
In this paper we report on the measurement and spectral
characterization of third harmonic radiation at the LCLS.
Our analysis describes the radiation properties in the nonlinear harmonic generation (HG) regime and the linear amplification of a harmonic seed in a split undulator with fixed K in
both undulator sections and a single spectral filter between
them. A schematic of the experiment is shown in Fig. 1.
These results are a direct measurement of linear harmonic
amplification in a fixed-gap undulator and point towards the
realization of more complicated harmonic lasing schemes
with multiple bunches or multiple filters/phase shifters [1].

THEORETICAL CONSIDERATIONS
Fundamental photon wavelength in the FEL is defined by
resonance condition:
λ=

λu
(1 + K 2 /2),
2γ 2

(1)

where λ is the FEL radiation wavelength, λu is the undulator
period with magnetic parameter K. In addition, odd higher
harmonics generated on axis, obey the following relation:
λh =

λ
,
h

(2)

where h = 3, 5, 7 is the odd harmonic number. Commonly
used Ming Xie formalism for FEL gain length calculation,
can be also extended to the case of odd harmonics [2]. We
have evaluated the gain lengths of both fundamental and
third harmonic at LCLS for the range of nominal operational
parameters and the results are presented in Fig. 1
Harmonics of the fundamental can be generated in FELs in
a planar undulator through two distinct processes: harmonic
lasing (HL) and nonlinear harmonic generation (NHG).
These processes result in radiation with different properties and have different advantages and disadvantages. In this
paper, we attempt to observe both processes and a transition
between them. In 1D-theory, the process of harmonic generation can be described by the following system of equations:
can be written as follows [1, 3]:
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!

dθ j
dz

=

γ2
k w × 1 − r2
γj

dγ j
dz
dE1
dz
dE3
dz

=


χ1
∗ ℜ K1 E1 (z)eiθ j + K3 E3 (z)e3iθ j
γj

=

− χ2 K1 eiθ j

=

− χ2 K3 e3iθ j ,

(3)

where (θ j , γ j ) are the longitudinal phase-space coordinates,
E1 (z) is the fundamental electric field, E3 (z) is the third
harmonic electric field, χ1 = 1/2me c2 and χ2 = I/8πϵ0 cσe2 ,
the resonant energy γr2 = λw /2λs 1 + K 2 /2 , and Kh =
K ∗ [J J]h is the harmonic coupling which decreases for
higher harmonic number h.
Initially, fundamental and third harmonic evolve independently, due to small coupling in Eqs. (3). When the bunching
at the fundamental frequency becomes more prominent, it
drives the bunching of the harmonic frequency nonlinearly,
therefore harmonic becomes strongly dependent on the fundamental field. In order to keep the linear growth of the third
harmonic, one has to disrupt the fundamental bunching, e.g.
by means of phase-shifters or crystal attenuators in chicanes,
or both.
Harmonic lasing can be used to extend the wavelength
range of free electron lasers (FELs), or to reduce the electron beam energy for the same x-ray wavelength. For HL,
the FEL instability is driven at the harmonic wavelength
and consequently one can theoretically achieve higher intensity (∼ 1/h times the fundamental intensity, were h is the
harmonic number) with narrower bandwidth and improved
shot-to-shot stability compared to nonlinear HG [2]. In a
single-pass FEL, HL can reach high intensity if the gain at
the fundamental wavelength is repeatedly disrupted such
that the increase in electron slice energy spread does not halt
the growth of the harmonic. Previous studies have consid-

Figure 1: Ming Xie estimate of the gain length for the
fundamental (left) and third harmonic (right) at 2 keV and 6
keV respectively as a function of beam emittance and energy
spread.
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CHERENKOV RADIATION IN PERIODIC WIRE MEDIUM FORMED BY
TRANSVERSELY MODULATED ELECTRON BEAMS
E. Gurnevich1 , A. Halavanau2,3 , A. Benediktovitch4
1 Research Institute for Nuclear Problems of Belarusian State University, Minsk 220030, Belarus
2 SLAC National Accelerator Laboratory, Stanford University, Menlo Park CA 94025, USA
3 University of California, Los Angeles, California 90095, USA
4 Center for Free Electron Laser Science, DESY, Hamburg, Germany

Abstract
We investigate the properties of Cherenkov, quasiCherenkov (parametric) and diﬀraction radiation generated
in the periodic conducting wire medium by transversely modulated electron beams. Such beams were recently obtained
at Argonne Wakeﬁeld Accelerator (AWA) facility using microlens array (MLA) laser shaping technique. We consider
in details the case of one dimensional periodic tungsten wire
structure and transverse electron beamlets separation of mm
scale. We look at possible enhancements of the radiation
ﬁeld due to transverse periodicity of the electron beam.

INTRODUCTION

Interaction of electron beams with periodic conducting
structures has been a topic of great interest, as it provides
unique capabilities for longitudinal phase-space dechirping,
beam density modulation and radiation generation.
Structures consisting of periodical arrays of conducting
wires, or “wire medium”, have been found to obey the same
mathematical formalism as dynamical diﬀraction theory in
crystals [1–3]. Thus, “wire medium” with ultra-relativistic
electron beam traversing through may serve as a source of
Cherenkov, parametric (quasi-Cherenkov) and diﬀraction
radiation. We also note that alternatively “wire-medium”
can be considered in terms of dipole antenna vibrator theory
with the similar ﬁnal expressions for the produced electromagnetic ﬁelds [4, 5].
A general requirement for these type of experiments is
high beam current with low emittance and energy spread.
The necessary beam quality is often challenging to achieve
due to space-charge eﬀects, even at modern photocathodebased high-brightness sources. Therefore, the ﬁnal photon yield is signiﬁcantly decreased compared to theoretical
estimates. One possibility to alleviate this problem is to
split the original current into transversely ordered beamlets, lowering the detrimental eﬀects of space-charge per
beamlet, while keeping the total longitudinal current. This
technique has been extensively studied at the photoinjector of
Argonne Wakeﬁeld Accelerator (AWA) and used for electron
beam magnitezation and photocathode quantum eﬃciency
measurements, and transverse-to-longitudinal emittance exchange (EEX) experiments [6–9]. In this proceeding, we
look at the possible eﬀects on the radiation produced by
transversely modulated beams in the “wire medium”. We
consider two choices of electron beam energy - 50 MeV and
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Figure 1: A schematics of periodic conducting wire array
with a charge traversing through.
100 MeV, corresponding to the energies at AWA and FAST
facilities.

THEORETICAL OVERVIEW
In our previous work we investigated the properties of
transition radiation generated in a single perfectly electrically
conducting (PEC) plate by an array of beamlets [9]. In this
proceeding, we consider a periodic structure consisting of
PEC wires instead of single PEC plate (see Fig. 1). Spectralangular distribution of emitted photons for single electron
bunch in this case can be calculated as:
e2 Q 2 1
d2 N s
=
· · |I s | 2,
dΩdω
c
ω

(1)

where superscript s stands for (, ⊥) or TM, TE polarizations
respectively. Here
i sin θ cos ϕ
sinh(kbx1 /β)
×
·
x1 x2
cosh(kbx1 /β) − cos(kb sin θ sin ϕ)


M−1

1
 x1 sin(kb sin θ sin ϕ)
×
eikma/β F0m − F1m
− iF1m
,
βx2
βx2 sinh(kbx1 /β)
m=0
I =

1
sin(kb sin θ sin ϕ)
×
·
x2 cosh(kbx1 /β) − cos(kb sin θ sin ϕ)


1
sinh(kbx1 /β)
 x1
− iF1m
F0m − F1m
,
βx2
βx2 sin(kb sin θ sin ϕ)

I⊥ = −
×

M−1

m=0

eikma/β
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NEW SUPERCONDUCTING UNDULATOR MAGNETIC MEASUREMENT
SYSTEM FOR THE ADVANCED PHOTON SOURCE UPGRADE∗
M. Kasa† , E. Anliker, Y. Shiroyanagi, and Y. Ivanyushenkov
Advanced Photon Source, Argonne National Laboratory, Lemont, USA
Abstract
Magnetic measurements of existing superconducting undulators (SCUs) are performed under normal operating conditions after final assembly into the cryostat and before installation on the Advanced Photon Source (APS) storage ring.
The SCU cryostat for the APS upgrade has been scaled in
length from the current cryostat and will contain two SCUs.
While some aspects of the current measurement system, such
as a room temperature measurement bore, are desirable to retain, scaling the current measurement techniques and system
to the length required for the APS upgrade cryostat is not
feasible. To address these challenges, a unique system has
been developed at the APS to allow measurements of the two
SCU magnets in the long cryostat. The measurement system
developed allows the magnets to be operated under normal
operating conditions while maintaining the measurement
equipment at room temperature and atmospheric pressure.

INTRODUCTION
An upgrade of the superconducting undulator (SCU) magnetic measurement system at the Advanced Photon Source
(APS) is in progress. The system will be used to verify
the magnetic field quality and installation readiness of the
superconducting undulators (SCUs) for the APS upgrade
(APSU) [1].
Certain aspects of the existing SCU magnetic measurement system [2, 3], which was adapted from the Budker
Institute in Novosibirsk, Russia for measuring superconducting wigglers [4], are desirable to retain. A convenient feature
of the previous system is that of having an ambient temperature and pressure aperture through the magnetic gap of the
SCU while the SCU is under normal operating conditions,
i.e., vacuum and cryogenic temperatures in the production
cryostat. This removes the requirement for a separate measurement cryostat and eliminates the need to disassemble
and reassemble the magnetic structure before installation on
the storage ring. Switching between Hall sensor based and
wire based measurements is also easily accommodated.
This upgrade provides an opportunity to improve or alter
features of the existing system. Some methods currently
used to measure a single SCU in the 2-meter long APS
cryostat are difficult to scale to the length of the 4.8-meter
long APSU cryostat that will house two SCUs; in particular,
the current method of mounting a Hall sensor at the end
of a 2-meter long carbon fiber tube and driving it into the
guide tube in a telescoping fashion. Also, the existing system
∗
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uses a titanium guide tube under tension, which is heated by
an applied current. Maintaining straightness and uniform
temperature of the guide tube have proven to be difficult to
achieve.

GUIDE TUBE CONCEPT
Retaining the previously mentioned features requires the
magnetic measurements of the SCU to be made within the
aperture of the electron beam vacuum chamber. The minimum aperture is 6 mm by 16 mm in the vertical and horizontal directions, respectively; therefore, the guide tube must fit
within this region. Since the chamber is cooled to cryogenic
temperatures, the guide tube must be thermally isolated and
maintained at room temperature.
To address these issues it was decided to manufacture
the guide tube out of aluminum through the process of extrusion and machining. Through the extrusion process, a
precise racetrack aperture measuring 4 mm vertically and
16 mm horizontally can be formed then machined to the final outside dimensions. Features for mechanical support
and temperature control are also incorporated into the final
machining process.
A cross section of the guide tube installed inside the beam
vacuum chamber is shown in Fig. 1. The region of interest
for magnetic measurements is the blue-shaded area encompassing the beam centerline and defining the guide tube
aperture. Placement of the guide tube inside the asymmetric
beam chamber aperture is accomplished using low heat-leak
Torlon® standoffs. This minimizes thermal communication
between the beam chamber at 20 K and the guide tube maintained at 300 K. The space outside the guide tube but inside
the beam chamber is kept at vacuum pressure, and the guide
tube aperture is open to atmosphere. A channel for heater
wires is machined along the length of the guide tube.

Figure 1: Cross section of the guide tube placement inside
the beam vacuum chamber.
Thermal analysis determined the amount of applied heat
required to maintain the guide tube at room temperature
is 5.4 W/m. Applying 0.8 A to a 9.6 m length of 32 AWG
phosphor bronze wire will generate the necessary heat. A
deformation and stress analysis predicts that the deformation
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SUPERCONDUCTING UNDULATORS FOR THE ADVANCED PHOTON
SOURCE UPGRADE∗
M. Kasa† , E. Anliker, J. Fuerst, Q. Hasse, I. Kesgin, Y. Shiroyanagi, E. Trakhtenberg, and Y. Ivanyushenkov
Advanced Photon Source, Argonne National Laboratory, Lemont, USA

Abstract

The magnetic devices group at the Advanced Photon
Source (APS) is in the process of designing and developing
superconducting undulators (SCUs) for the APS upgrade.
While similar in some aspects to previous SCU systems
currently in operation at the existing APS, the new SCU
systems will include two undulators installed in one cryostat
which occupies an entire straight section of the storage ring.
Straight sections containing planar undulators will either be
configured as “in-line”, where the two undulators behave as
one source, or canted, where the two undulators are operated
independently. Also under development is a superconducting arbitrary polarizing emitter (SCAPE) that can produce
planar, elliptical, and helical undulator fields.

INTRODUCTION

The Advanced Photon Source (APS) is in the midst of
preparing to upgrade (APSU) the storage ring to reduce
electron beam emittance utilizing a multi-bend achromat
lattice while doubling the stored beam current. Combining
the upgrade of the storage ring lattice with the selection of
high performance undulators, the generated x-rays of the
APSU are expected to be two to three orders of magnitude
brighter than the APS.
Due to the ability of superconducting undulators (SCUs)
to generate higher on-axis magnetic fields than other undulator technologies at a given magnetic gap and period
length, the APSU has decided to incorporate SCUs into the
project. SCUs have been selected for sectors that need x-rays
at higher energies where they are expected to outperform
their permanent magnet counterparts [1], see Fig. 1.
Four sectors are being prepared to operate two planar SCU
magnets housed in one 4.8-meter long cryostat. One sector
will reuse an existing planar SCU in a 2-meter long cryostat.
Another sector is planning to operate two superconducting
arbitrary polarizing emitters (SCAPE) into one 4.8-meter
long cryostat.
Previous experience in designing, fabricating, and operating SCUs at the APS is being leveraged during the preparations for the APSU installations. The design of the planar
magnet structure, which serves as the winding mandrel, is being modified to simplify the manufacturing process and the
cryostat design is based on the second-generation cryostat
developed during the helical SCU project at the APS [2, 3].
Design of the SCAPE magnets is in the early stages and a
0.5-meter long prototype has been constructed and tested.
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Figure 1: Calculated brightness tuning curves of odd harmonics of most hybrid permanent magnet undulators and
SCUs for APS-U.

CRYOSTAT
A cryostat for the SCU magnets is in fabrication and
consists of a 4.8-meter long stainless steel vacuum vessel
shown in Fig. 2, one thermal radiation shield, and a liquid
helium (LHe) tank. The LHe tank is supported through a
low-heat-leak suspension system comprised of invar rods
and low-thermal-conductivity plastic spacers. The magnets
and electron beam vacuum chamber are supported from the
underside of the LHe tank and the aluminum electron beam
chamber is thermally isolated from the magnets through
low-heat-leak stand-offs and a vacuum gap. The aperture of
the beam chamber is asymmetric with respect to the magnet center, Fig. 3. This prevents the synchrotron radiation
originating from the upstream bending magnet from being
absorbed by the cold SCU beam chamber, thereby reducing
the heat load on the cryostat.
There are three cooling circuits within the vacuum vessel
and the cooling power is provided by up to seven Sumitomo [4] cryocoolers. Five cryocoolers are available, if necessary, to maintain the magnet cooling circuit at 4.2 K and
up to two cryocoolers can be used to provide cooling for the
aluminum electron beam chamber to maintain the chamber
below 20 K and minimize beam-stimulated desorption of
gases accumulated on the chamber cold surface. The first
stages of all the cryocoolers are connected to the thermal
radiation shield and the warm end of the high-temperature
superconducting leads. A preliminary thermal analysis has
been completed and excess capacity at 4.2 K is expected,
which will allow the SCU cryostat to operate without losing
LHe inventory.
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TEST OF AN X-RAY CAVITY USING DOUBLE-BUNCHES FROM THE
LCLS Cu-Linac*
K.-J. Kim†, L. Assoufid, R.R. Lindberg, X. Shi, D. Shu, Y. Shvyd’ko, M. White
Argonne National Laboratory, Argonne, IL, USA
F.-J. Decker, Z. Huang, G. Marcus, T. Raubenheimer, T.-F. Tan, D. Zhu
SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract
We discuss a proposal to test the operation of an X-ray
cavity consisting of Bragg reflectors. The test will constitute a major step demonstrating the feasibility of either an
X-ray regenerative amplifier FEL or an X-ray FEL Oscillator. These cavity-based X-ray FELs will provide the full
temporal coherence lacking in the SASE FELs. An X-ray
cavity of rectangular path will be constructed around the
first seven LCLS-II undulator units. The Cu-linac will produce a pair of electron bunches separated by the cavityround-trip distance during each linac cycle. The X-ray
pulse produced by the first bunch is deflected into the cavity and returns to the undulator where it is amplified due to
the presence of the second bunch. The key challenges are:
the precision of the cavity mechanical construction, the
quality of the diamond crystals, and the electron beam stability. When the LCLS-II super-conducting linac becomes
available, the cavity can then be used for high-repetition
rate studies of the X-ray RAFEL and XFELO concepts.

INTRODUCTION
X-ray free electron lasers (XFELs) such as the LCLS
[1], based on Self-Amplified Spontaneous Emission
(SASE) [2], are capable of producing extremely bright,
transversely coherent, ultra-short X-ray pulses suitable for
the investigation of ultra-fast chemical and physical processes [3-5]. A characteristic feature of single-pass SASE
FEL amplifiers, however, is poor longitudinal coherence.
Temporally-coherent FEL pulses can be obtained by
storing and recirculating the output of an amplifier in an Xray cavity so that the X-ray pulse can interact with the following fresh electron bunches over many passes. The Xray cavity is formed by a set of narrow bandwidth diamond
Bragg crystals, which provide high reflectivity and monochromatization. This is the concept behind the cavity-based
X-ray FELs (CBXFELs) such as the X-ray free-electron
laser oscillator (XFELO) [6] and the X-ray regenerative
amplifier free-electron laser (XRAFEL) [7]. The superconducting technology adopted by LCLS-II and LCLS-II-HE
[8], will be capable of producing a constant stream of electron bunches (rather than pulsed/burst mode) with repetition rates up to 1 MHz, making the prospect of the
CBXFEL realistic. The XFELO relies on a low-loss cavity
supporting a low-gain FEL, While RAFEL leverages a
high-gain FEL interaction.

The defining properties of the XFELO are the extremely
narrow and stable spectral bandwidths that can be as small
as a few meV [9]. These characteristics conspire to push
the average brightness of an XFELO source ~ 4 orders of
magnitude higher than that of SASE at LCLS-II/-HE, as
shown in Fig. 1[10]. Indeed, the ultrafine spectral capabil-

Figure 1: Brightness of various X-ray sources.
ities along with the high spectral photon density enabled
by the XFELO would be complementary to the ultrafast
temporal capabilities and high temporal photon density of
the hard-X-ray SASE FELs. The scientific case for an
XFELO is discussed in Ref. [11].
The XRAFEL concept, on the other hand, excels at
bridging the gap between the performance characteristics
of an HXR SASE FEL and an XFELO while directly addressing the science case that is targeted by the LCLS-II
and LCLS-II-HE upgrades. The RAFEL system aims at
the production of fully-longitudinally-coherent but shorter
FEL pulses, and as such, has the unique ability to produce
FEL X-ray pulses with both high average brightness and
high peak brightness. The spectral output of a RAFEL is
compared to SASE in Fig. 2.

___________________________________________
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Figure 2: RAFEL and SASE.
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RECENT PROGRESS ON THE DESIGN OF NORMAL CONDUCTING
APEX2 VHF CW ELECTRON GUN*
Derun Li†, H. Feng1, D. Filippetto, M. Johnson, A. Lambert, T. Luo, C. Mitchell, Ji Qiang,
F. Sannibale, J. Staples, S. Virostek, R. Wells
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.
1
also at Tsinghua University, Beijing, China
Abstract
We report recent progress on the design of a normal
conducting (NC) CW electron gun, APEX2 (Advanced
Photo-injector Experiment2) at Lawrence Berkeley National Laboratory (LBNL). APEX2 is an upgrade of the
successful APEX gun at LBNL and the LCLS-II (Linac
Coherent Light Source-II) injector at SLAC, aiming at the
applications for Free electron laser (FEL) such as LCLSII High Energy upgrade, UED (Ultrafast Electron Diffraction) and UEM (Ultrafast Electron Microscopy). The
APEX2 adopted a two-cell cavity design with resonant
frequency of 162.5 MHz. The APEX2 gun is targeting to
achieve a launching gradient at the cathode exceeding 30
MV/m and output energy above 1.5 MeV with transverse
emittance of 0.1 μm at 100 pC. Advanced MOGA optimization technique has been used for both the RF cavity
design and extensive beam dynamics studies, both using
APEX and LCLS-II like injector layouts. Detailed RF
designs, beam dynamics studies, and preliminary engineering design supported by FEA analysis will be presented, along with cavity features that were demonstrated
to be crucial in the operation of the APEX gun.

INTRODUCTION
Producing high-peak and high-average brightness
beams has been the R&D frontier in electron sources, a
critical research path towards ultrafast atomically resolved observation and control of matter. Photo-cathode
electron RF guns have been developed in a wide frequency range over the past decades and demonstrated successfully in terms of the reliability and beam quality required
to drive X-ray Free Electron Lasers into hard X-ray region [1].
Due to challenges in thermal management produced by
RF heating, normal conducting RF electron guns can only
be operated at relatively low repetition rates (typically <1
kHz), and therefore with severe limitations to achievable
beam parameters, such as the flux and brightness. Recent
DOE-BES workshop on future electron sources suggested
several applications would strongly benefit from high
brightness beams at Megahertz (MHz) repetition rates.
These applications include the LCLS-II HE, the higher
energy upgrade of the SLAC FEL Project that is currently
under construction. The LCLS-II HE would require a
normalized transverse emittance as small as ~ 0.1 μm
___________________________________________
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RMS at 100 pC bunch charge in order to extend the lasing
spectrum in the hard X-ray region (>10 KeV). Moreover,
the large beam coherence and high electron flux offered
by a higher brightness gun would also greatly benefit
compact tools for UED and UEM applications. The scientific reward for such development would be enormous,
providing sub-atomic imaging capabilities to FELs, and
extending the scientific reach of UED and UEM techniques to large biological samples, complex non-periodic
structures in gas and liquid phases and in-situ experiments.
LBNL has a long and successful history in the development, construction and delivery of advanced normal
conducting RF structures ranging from CW RFQ accelerators for ions to the recent CW APEX electron gun at
LBNL and LCLS-II injector at SLAC. The strategic
choice of using warm technology and accelerating fields
in the Very High Frequency (VHF) range for the APEX
cavity has been crucial in the successful realization of the
electron gun, resulting in a solution to the long-standing
problems of reliability and operation of CW highbrightness electron sources. The targeted performance of
the APEX in all key parameters was achieved with the
design and realization of only one prototype, with no
major concept modifications. Another very important
consequence of the use of warm technology is its compatibility of the structure with external magnetic fields and
with delicate high quantum-efficiency (QE) semiconductor cathodes, which is essential when seeking simultaneous optimization of peak and average brightness, and
bears important consequences for both FELs, UED and
UEM applications.
In order to drive a MHz-class FEL with hundreds of pico-Coulombs per bunch, it is necessary to use cathodes
with QE at the percent-level in order to avoid surface
damage from excessive laser-heating and emittance
growth from laser-induced electron heating that would
dramatically decrease the beam brightness. Such degradation of the beam quality would also affect the beam
lateral coherence in UED and UEM experiments, where
the lower extracted charge is counterbalanced by a much
smaller emission area, leading to similar fluence values at
the cathode surface. Besides the APEX, only DC-guns
have demonstrated reliable operation with semiconductor
cathodes in CW operations, but at the expense of decreased accelerating gradient on the cathode and lower
output energy.
Based on the success of the APEX gun, we propose a
new RF electron gun, aimed at further increasing the
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1891

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRB101

DAMPING TRAPPED MODES IN AN IN-VACUUM UNDULATOR AT A
SYNCHROTRON RADIATION LIGHT SOURCE∗
K. Tian† , A. D. Ringwall, J. J. Sebek, Z. Li
SLAC National Accelerator Laboratory,Menlo Park, CA, USA
Abstract
In this paper, we report the efforts in solving the problem
of coupled-bunch instabilities caused by an in-vacuum undulator in the SPEAR3 storage ring. After exploring several
approaches to reduce the strength of the trapped modes, we
found that ferrite dampers were the most effective and simplest way for mode damping in our SPEAR3 in-vacuum undulator. The results of the first RF cold measurement on an
in-vacuum undulator equipped with these ferrite dampers
agree well with numerical simulations.

INTRODUCTION
SPEAR3 is a 3 GeV, 500 mA, third generation light
source. The 2-meter-long BL15 insertion device (BL15
ID) in SPEAR3 is the second IVU in the storage ring with
an undulator period of 22 mm. During early commissioning of the BL15 ID, we observed that the transverse beam
size increased at small, discrete magnet gaps with 500 mA
stored beam. Similar problems have been reported and investigated in other facilities as well [1–3]. Upon further
investigation, we discovered that the beam size increase
was caused by transverse coupled-bunch instabilities driven
by the trapped resonant modes inside the IVU chamber [4,
5]. The geometry of the IVU chamber, with the magnetic
structure, resembles many features of a round ridge waveguide [6–8], which supports lower frequency modes that can
be trapped inside the bare vacuum chamber. A transverse
mode can be excited by the bunches in the ring. This mode,
in turn, if sufficiently strong, can drive the beam unstable.
The IVUs are designed for variable gap operations, therefore, the spectrum of the trapped modes shifts in frequency
with the changes in the magnet gap of the IVU. The coupling impedance is sufficiently strong that when the mode
frequency overlaps the lower vertical betatron sideband of
a revolution harmonic [9], vertical instabilities are excited
in SPEAR3.
Most modern storage rings, including SPEAR3, are
equipped with multi-bunch feedback systems, which have
been successfully demonstrated to be effective in damping these, and other, transverse coupled-bunch instabilities
[10–12]. However it is preferable to passively eliminate
the source of the instability rather than to rely on active
damping. In this paper, we will present a passive damping
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Figure 1: The CAD model for the IVU chamber. Left: the
IVU structure inside the chamber with the flexible transition; right: view of the cross section of the IVU device that
resembles a round ridge wave guide. (Courtesy of Neomax
Engineering Co.)

technique using ferrite dampers inside the IVU chamber to
damp the trapped modes.

NUMERICAL SIMULATION
Numerical simulations for studying the HOM modes that
cause the beam instabilities have been carried out using a
parallel code, Omega3P, running on the super computer,
Cori, at the National Energy Research Scientific Computing Center (NERSC) [13]. The simulation model mesh was
constructed using CUBIT [14]; the data was visualized using ParaView [15].
The IVU chamber contains numerous components for
various purposes. Therefore, it is necessary to build a model
that is sufficiently simple to perform numerical simulations,
while still good enough for accurately studying the RF properties of the structure. The mode frequency of interest for
the IVU chamber is around 200 MHz. Therefore, as a rule
of thumb, geometrical features with dimensions less than 10
cm, or 1/15 of the RF wavelength can be considered to be
small and generally have less impact on the RF properties of
the mode. We started with a highly simplified structure before gradually adding more features and keeping only those
that significantly affect the simulation results.
The actual magnet row is 1954 mm long with transitions
of lengths greater than 100 mm at each end. As shown in
Fig. 1, the top and bottom magnet rows are attached to two
I-beam shaped in-vacuum girders made of aluminum. Each
of the two in-vacuum girders is connected to the out-ofvacuum mechanical gap motion system through 12 bellows
link rods. These rods, which connect the girders and the
outside chamber, have significant impacts on field patterns
and frequencies of the RF modes. Therefore, we model the
magnet row assembly with a 1954 mm long metal bar with
a rectangular cross-section measuring about the same size
TUPRB101
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NUMERICAL STUDY OF THE DELTA II POLARIZING UNDULATOR
FOR LCLS II∗
K. Tian† , H.-D. Nuhn
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
The Delta undulator has been operated successfully in
LCLS with full control of the polarization mode and K value
of the device. In LCLS II, a new Delta II undulator will be
based on a similar design but with some differences. In this
paper, we will present numerical simulation results that provide guidance to choose the geometric shape of the magnet
poles and define the required tolerance for assembling the
undulator magnets.

INTRODUCTION
The Delta II undulator is 3.28 m long with a period length
of 44 mm. Unlike the fixed magnet gap of the Delta undulator[1–3] for LCLS, the K value of the Delta II undulator will
be adjusted by varying the gap of the device, which causes
some challenges in controlling mechanical tolerances and
alignment errors. The Delta undulator used round shape
tips for the magnet blocks. However, if a flat shaped magnet
tip can also meet the field requirement, it can be beneficial
to the development of the new device due to its simplicity
in obtaining high precision of production. To help in determining the final design of the magnet block of the Delta II
undulator, we compare the K values of the Delta II undulator
using several different magnet tip shapes, including a round
shape, a flat shape, and two triangular shapes, as show in
Fig. 1, where only one of the triangular poles is shown.
In an ideal undulator, the K parameter is constant along the
device axis. However, after the assembly of the 4 quadrants
of the original LCLS Delta undulator, systematic errors in
the radial position of the magnet arrays along the undulator
axis were observed[4, 5]. In order to establish tolerances,
we will consider two types of error in the placement of the
magnet row of the Delta II undulator: a quadrant bow and a
quadrant taper. In Radia [6] simulations, we add these errors
to the insertion device model for solving the magnet fields
with these effects.

MAGNET TIP GEOMETRY
The magnet blocks are generated in Radia using the builtin function radObjThckPgn, and then form the full assembly
of four rows of magnet arrays. Two criteria have been used
to evaluate the performance of the Delta II undulator with
different tip shapes of the magnet block: first, the K value
at the minimum gap is required to be larger than 5.14, set
by the parameters of the LCLS II SXR undulator; second,
the transverse position dependence of K near the beam axis
∗
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Figure 1: Magnet tip geometries used in the simulations.
needs to be as small as possible (K flatness). For studying
the second criterion, we calculate the transverse K values
along both x and y axes with an offset of 0.03 mm, 0.1 mm,
0.2 mm, 0.3 mm, 0.5 mm, and 1 mm, respectively.
The undulator K is derived from the first derivative of the
Phase Integral (PI), dPI/dz, electron mass me and charge
e, and speed of light c using the following formula with the
bracket denoting for taking arithmetic mean:
p
e 2 < dPI/dz >
K=
,
(1)
me c
where PI is defined by:
 2 ∫
∫ z " ∫ z̄
¯
¯
PI(z) =
Bx ( z̄)d z̄ +
0

0

z̄

By ( z̄¯)d z̄¯

2#
d z̄, (2)

0

and is evaluated from Bx and By along a line parallel to
the beam axis at different offsets. For this study, we use an
undulator model consisting of 4 regular periods and the end
pieces, making the model much shorter than the actual device. Therefore, to overcome the influence of the fields from
end pieces, we adopt a moving window averaging technique
in calculating the PI and the mean of the first derivative of
PI, for only one core period around the center of the device.
The results for the circular polarization at minimum gap
are shown in Fig. 2. The legend in Fig. 2(b) can be used
to correlate the results with the shapes of the magnet tips.
Results in all cases exceed the required K value of 5.14. The
device simulated with round tips has the largest K values,
and the design with flat tips possesses the smallest K values,
while the K values for the two cases with triangular tips fall
in between. The on axis K value for a round tip is 5.62 in
comparison with the K value of 5.54 for a flat tip, or about
1.4% improvement. Therefore the gain of K is moderate. To
compare the flatness of K, in Fig. 2(b) and (d), we plot the
relative difference of K, in percent, from the beam axis as a
function of the offset. The results from different tip shapes
are very similar. On both, the x and the y axis, the flatness
crosses 0.01% at about 150 µm from the origin.
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THE FHI FEL UPGRADE DESIGN*
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H. Junkes, G. Meijer, M. de Pas, T. J. Schultheiss1, J. W. Rathke1, L. M. Young1
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
Abstract
Since coming on-line in November 2013, the Fritz-Haber-Institut (FHI) der Max-Planck-Gesellschaft (MPG)
Free-Electron Laser (FEL) has provided intense, tunable
infrared radiation to FHI user groups. It has enabled experiments in diverse fields ranging from bio-molecular spectroscopy to studies of clusters and nanoparticles, nonlinear
solid-state spectroscopy, and surface science, resulting in
more than 50 peer-reviewed publications. The MPG has
now funded a significant upgrade to the original FHI FEL.
A second, short-Rayleigh-range undulator FEL beamline is
being added that will permit lasing from < 5 μm to > 160
μm. Additionally, a 500 MHz kicker cavity will permit
simultaneous two-colour operation of the FEL from both
FEL beamlines over an optical range of 5 to 50 μm by deflecting alternate 1 GHz pulses into each of the two undulators. We will describe the upgraded FHI FEL physics and
engineering design and present the plans for two-colour
FEL operations by the end of 2020.

FEL LAYOUT & DESIGN PARAMETERS
The layout of the original and proposed FHI FEL Upgrade beamlines is shown in Fig. 1. The existing design
consists of the accelerator section, the MIR beamline and a
diagnostic beamline. The design performance parameters
and physics design [1], the engineering design [2], first lasing [3] and subsequent user performance [4] for the existing FEL have been described.
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MID-IR FEL PERFORMANCE
The generated IR radiation forms psec-long micropulses at a pulse repetition rate of 1 GHz. Up to 10,000
consecutive micro-pulses form a pulse train, referred to as
the macro-pulse that are repeated at a rate of 10 Hz. Figure
2 shows tuning curves of the macro-pulse energies for 6
different electron energies ranging from 18 to 44 MeV. For
any given electron energy, the IR wavelength can be tuned
continuously by a factor of 2 to 3 by changing the undulator
gap. The data plotted in Fig. 2 has been observed for a relatively narrow FEL line spectrum with Dλ / λ ~ 0.4, where
λ is the central wavelength and Dλ denotes the full width
at half maximum (FWHM) of the spectral distribution that
is monitored with a grating spectrometer. Best performance
in terms of macro-pulse energy is found for λ ~ 7.5 µm.
Even more pulse energy (and pulse peak power) can be
achieved by fine adjustment of the FEL cavity length (5.4m
nominal length) at the cost of an increased spectral line
width. The latter corresponds to shorter mid-IR radiation
pulses. This way, pulses as short as 500 fsec can be generated.
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Beam
Dump

have now selected a single achromat for the Far-IR FEL
which is now at 90 degrees to the accelerator axis. The
accelerator section has been moved back 1.35 m to allow
insertion of an RF kicker cavity, and the diagnostic beamline has been relocated. The principal subject of this paper
is the design and fabrication of the Far-IR beamline and
FEL, and the changes in configuration from the original
design that we have adopted.
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Figure 1: Original (left) and Current (right) FHI MIR and
FIR FEL designs.
The FEL consists of a 50 MeV accelerator driven by a
gridded thermionic gun with a beam transport system that
feeds two undulators and a diagnostic beamline. The first
normal-conducting 2.998 GHz linac accelerates the electron bunches to a nominal energy of 20 MeV, while the second one accelerates or decelerates the electrons to deliver
any final energy between 15 and 50 MeV. A chicane between the structures allows for adjustment of the bunch
length as required. Originally, the Mid-IR and Far-IR undulators were planned to be parallel to each other directed
180 degrees from the accelerator axis [1, 2]. However, we

Figure 2: Macro-pulse energy measured at the FHI FEL
Mid-IR system which has been in user operation since
2013. Each curve is measured by an undulator gap scan for
the electron energies indicated at the bottom.
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REALIZING LOW-EMITTANCE LATTICE SOLUTIONS WITH
COMPLEX BENDS ∗
V. Smaluk† and T. Shaftan, Brookhaven National Laboratory, Upton, USA

Abstract

A concept of new lattice element called "Complex Bend"
is recently proposed at NSLS-II. Replacing the regular
dipoles in the Double-Bend Achromat lattice by Complex
Bends significantly reduces the beam emittance. The first attempt of lattice design for potential NSLS-II upgrade based
on Complex Bend, is described. Compared with the current
NSLS-II lattice, the new solution modifies only three of the
six girders per cell. The linear optics has been matched keeping unchanged the lattice parameters at the straight sections,
where the light-generating insertion devices are located. The
Complex Bend gradient is limited by 250 T/m assuming possible use of permanent magnets. The lattice provides 65 pm
emittance without damping wigglers, use of which results
in further decrease of the emittance.

INTRODUCTION

where F is some function of the magnet lattice, E is the
electron energy, Jx is the horizontal damping partition, and
NB is the number of bending (dipole) magnets in the ting.
During past 25 years of synchrotron light source evolution,
the emittance has been decreased by two orders of magnitude. Increasing number of dipoles is a general trend of the
low-emittance ring design. Figure 1 shows the horizontal
emittance εx of synchrotron light sources as a function of
number NB of bending magnets. This plot includes both the
facilities in operation or used to be in operation and new or
upgrade projects.
Two possible options for low-emittance NSLS-II upgrade,
NSLS-II-TBA and NSLS-II-CB, are also shown in Figure 1.
The first option is based on a Triple-Bend Achromat (TBA)
with two small anti-bends [1], it provides reduction of the
NSLS-II emittance by a factor of five.
The second option we discuss here is based on a novel
“Complex Bend” technology proposed at NSLS-II. This up∗
†
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Figure 1: Emittance of synchrotron light sources as a function of number of bending magnets.
grade is more challenging, it assumes more significant modification of the NSLS-II hardware but it will reduce the
NSLS-II emittance to the level about 50 pm, which is close
to the most advanced synchrotron projects.

COMPLEX BEND
All modern projects of low-emittance synchrotrons follow
Multi-Bend Achromat (MBA) approach. MAX-4 (Sweden)
has been commissioned in 2016, ESRF-EBS (France) and
SIRIUS (Brazil) are in the construction stage and there are
many other projects around the world, such as APS-U, ALSU (both USA), Spring8-II (Japan), HEPS (China), Elettra2.0 (Italy), Diamond-2 (UK), Soleil-2 (France) and SKIF
(Russia).
An alternative way to reach low emittance has been recently proposed at NSLS-II. The idea is to use a lattice
element that we call “Complex Bend” instead of regular
dipole magnets. The Complex Bend provides a strong alternate focusing distributed along the bending magnet so
to maintain the beta function and dispersion oscillating at
low values. Increasing the number of dipole magnets and
combining them into a single element as poles results in a
substantial decrease of the beam emittance.
The first concept of Complex Bend [2] was based on a
bending magnet consisting of a number of dipole poles interleaved with strong quadrupoles of the alternative polarity.
A cartoon illustrating this concept of Complex Bend is pre-
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The brightness of synchrotron light sources is proportional to the photon flux and inversely proportional to the
electron beam emittance. Increase of photon flux means
higher intensity of the electron beam. This approach is challenging because of many technical problems: high radiation
power, vacuum chamber heating, collective instabilities. A
straightforward way to increase the brightness is reduction
of the electron beam emittance.
The natural beam emittance can be represented in a simple
way as
E2
,
(1)
εx = F
Jx NB3
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STATUS OF THE SUPERCONDUCTING SOFT X-RAY FREE-ELECTRON
LASER USER FACILITY FLASH AT DESY
J. Rönsch-Schulenburg∗ , K. Honkavaara, M. Kuhlmann, S. Schreiber, R. Treusch, M. Vogt
DESY, Hamburg, Germany
Abstract
FLASH, the free electron laser user facility at DESY
(Hamburg, Germany), delivers high brilliance XUV and
soft X-ray FEL radiation to photon experiments with different parameters at two undulator beamlines simultaneously.
FLASH’s superconducting linac can produce bunch trains
of up to 800 bunches within a 0.8 ms RF flat top at a repetition rate of 10 Hz. In standard operation during 2018,
FLASH supplied up to 500 bunches in two bunch trains
with independent fill patterns and compression schemes to
each of the two beamlines. In 2018 first successful plasma
accelerating experiments could be reported by the FLASHForward plasma wakefield acceleration experiment situated
in a third beamline. We report on the highlights of FLASH
operation in 2018/2019.

FLASH FACILITY
The free-electron laser user facility FLASH [1–3] provides XUV to soft X-ray radiation pulses, based on the selfamplified spontaneous emission (SASE), at wavelengths
down to 4 nm simultaneously in two undulator beamlines FLASH1 and FLASH2. The two FLASH undulatorbeamlines are driven by a common accelerator consisting of
a laser driven radio-frequency (RF) gun with a Cs2 Te photocathode, seven superconducting accelerating modules, a
third-harmonic accelerating module, and two bunch compressors. An electron beam energy of up to 1.25 GeV can be
reached. The superconducting technology allows the acceleration of electron bunch trains of several hundred bunches
with a spacing of a microsecond or more and a repetition
rate of 10 Hz. A fast kicker-septum system distributes one
part of the bunch train to FLASH1 and the other part to
FLASH2 keeping the full 10 Hz repetition rate for both
beamlines. With this, two experiments can run at the same
time. The bunch pattern and compression scheme can be
chosen almost independently for each beamline allowing to
tune the SASE properties specifically for each of the two
experiments.
Figure 1 shows a schematic layout of the FLASH facility with its common accelerator and the two undulator
beamlines with their own experimental halls. In addition, a
third electron beamline FLASH3 hosts a pioneering beam
driven plasma-wakefield acceleration experiment, FLASHForward [4]. The FLASH1 beamline has six fixed-gap undulators, with a length of 4.5 m each. The SASE wavelength of FLASH1 is determined by the electron beam energy. FLASH2 consists of twelve variable-gap undulators
∗

juliane.roensch@desy.de
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with a length of 2.5 m each, which allows choosing the wavelength to a certain extent independently from FLASH1 by
varying the gap width of the undulators. The range is from
one to three times the FLASH1 wavelength.
An overview of the photon science at FLASH and the
evolution of the FLASH facility over the years can be found
in [5, 6]. For more details of the facility and its parameters
we refer to [2, 3, 7].

OPERATION
In 2018, FLASH1 was operated a total of 7103 hours,
of which 59% (4189 h) was devoted to FEL user operation,
30% for studies and user preparation, and 11% for general
accelerator R&D. During user operation, SASE radiation
was delivered to the experiments 82% of the time, set-up
and tuning for user requirements took 15%, and downtime
due to technical failures was 3%. FLASH2 was operated
6831 hours, of which 33% (2269 h) was FEL user operation.
The year 2018 was divided into two user periods (period 11 and 12). FLASH served beam time for 38 experiments; many wavelengths in the XUV and soft X-ray
range from 52 down to 4.4 nm have been realized. In 2018,
two photon beamlines have been completed in the FLASH2
Kai Siegbahn experimental hall. This led to an increase of
scheduled user experiments in FLASH2, a plus of 50% compared to 2017.

PHOTOINJECTOR
The photoinjector operates three different lasers which
run simultaneously on all beamlines. Using different lasers
with different pulse length, transverse shape, and pulse energy gives us the possibility to adapt the electron beam properties already at the source to the requirements of the parallel running user experiments.
The RF gun of the FLASH phototinjector is in operation
since August 2013. In summer 2018, its RF window developed a small vacuum leak in the order of 7 · 10−8 mbar l/s
and has been replaced. The window was in operation for
two years.
The photocathode was in continuous operation at
FLASH for four years. This is by far the longest time such
a cathode has been operated continuously anywhere in the
world. It is a thin film of caesium tellurite (Cs2 Te) with
a diameter of 5 mm on a molybdenum plug [8]. It has finally been exchanged in December 2018. The total charge
extracted from this cathode is 25 C. The quantum efficiency
of the photocathode was remarkable stable over the years
with an average of 9%. Degradation was observed a few
times when vacuum leaks occurred in the close-by beamTUPRB106
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MECHANICAL DESIGN OF A DIELECTRIC WAKEFIELD DECHIRPER
SYSTEM FOR CLARA
M. I. Colling†, T. H. Pacey1, Y. M. Saveliev1, B. D. Fell, D. J. Dunning1,
STFC Daresbury Laboratory, Warrington, UK
1
also at Cockcroft Institute, Warrington, UK

Abstract
STFC Daresbury Laboratory are developing a compact
electron beam energy dechirper system, based on dielectric wakefield structure, for the on-site electron accelerator CLARA (Compact Linear Accelerator for Research
and Applications). CLARA will be an experimental free
electron laser (FEL) facility operating at 250MeV and
will be a test bed for a variety of novel FEL schemes. The
dechirper dielectric quartz plates will induce wakefields
within the structure which can remove the beam chirp that
is initially introduced to compress the electron bunch
longitudinally. Removing or adjusting the amount of chirp
enables researchers to reduce or adjust the bunch energy/momentum spread, expanding the FEL capabilities.
The attachment and alignment of the quartz plates present
numerous mechanical design challenges that require high
precision manufacturing and quartz plate positioning via
fiducialisation. This paper will review the dechirper specifications, the chosen design solutions, measured mechanical performance, and the expected effect of the dechirper
on CLARA FEL operation.

INTRODUCTION

High peak current electron bunches are required for
free electron lasers (FEL) operation. This is usually
achieved by introducing a linear energy chirp along the
bunch with subsequent magnetic compression to sub-ps
bunch length. Such a chirp is however undesired because
it reduces the FEL efficiency and increases its radiation
bandwidth. Several methods have been proposed to eliminate the chirp with induced short-range wakefields using,
for example, metallic corrugated structures [1]. The same
effect can be achieved using dielectric lined waveguides
(DLW) [2]. We have adopted this type of structure for the
development of a compact dechirper for CLARA, the
250MeV FEL test facility being developed at Daresbury
Laboratory. Simulations demonstrated that the energy
chirp could be drastically reduced and FEL performance
enhanced with the use of relatively compact device [3, 4].
This contribution presents a brief overview of the
CLARA dechirper simulations and describes the chosen
mechanical design and its performance.

CLARA DECHIRPER SIMULATIONS

The simulated effect of the CLARA dechirper can be
observed in Fig. 1. A plate separation of a = 1.6 mm was
used to effectively linearise the core of the bunch. The
FWHM momentum spread was reduced by a factor of 10
from 3.3 MeV/c to 0.3 MeV/c. This simulation was per-

formed in ELEGANT using a Green’s function approach
to calculate the wakefield [3], building on the previously
presented work [4, 5].

Figure 1: a) Longitudinal phase space with head of the
bunch on the left. b) Bunch momentum distribution.

DECHIRPER DESIGN REQUIREMENTS
The CLARA dechirper concept comprises of two sets
of two parallel dielectric plates; each set positioned orthogonally and in series (Fig. 2). The dielectric plates are
200mm long providing an effective total plate length of
400mm. Each plate can be manoeuvred inside the vacuum
vessel via two external to vacuum drive systems attached
to either ends of the plate; allowing both the gap between
the parallel plates and the plate angle (pitch) to vary insitu.

Figure 2: Schematic of the CLARA dechirper concept
(see Table 1 for dimensions).
Table 1: Dechirper Concept Dimensions
Description
Plate length
Plate width
Plate thickness

p
w
t

Orthogonal plate gap
Parallel plate separation
Plate angle (pitch)

g
a
δ

Dimension
200 mm
20 mm
0.2 mm
10 mm
0.8 – 20 mm
0 - 0.58°

___________________________________________
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JLEIC: A HIGH LUMINOSITY POLARIZED
ELECTRON-ION COLLIDER AT JEFFERSON LAB*
Y. Zhang†, Ya.S. Derbenev and T. Satogata for JLEIC Collaboration
Thomas Jefferson National Accelerator Facility (JLab), Newport News, VA 23606, USA
Abstract
JLEIC, a polarized electron-ion collider for the QCD
frontier, was proposed and studied at JLab utilizing the
existing CEBAF SRF linacs. The JLEIC accelerator design promises to deliver unrivaled performance in collider
luminosity and beam polarization, and outstanding capabilities in detection. In this paper we present a brief summary of the JLEIC accelerator design.

liding beams are stored in two figure-8 shaped rings
shown in Fig. 1. The electron complex includes a new
storage ring for 3–12 GeV beam energy, the 12 GeV
CEBAF recirculated SRF linac as a full-energy injector,
and a transport beam line between them. The electron ring
is made of warm magnets, and reuses magnets and vacuum chambers of the decommissioned PEP-II e+e- collider
for cost efficiency. The design plans to reuse PEP-II ring
RF systems (up to 14 MW) as well [7].

INTRODUCTION
A recent assessment by the US National Academies of
Science concluded the science questions that could be
answered by an electron-ion collider (EIC) are significant
to advancing our understanding of the atomic nuclei that
make up all visible matter in the universe [1]. JLEIC, an
EIC at JLab, was envisioned as an advanced facility for
this science need. Over the past 18 years, JLab, in collaborating with other institutions, has been actively engaged
in design study and R&D for JLEIC [2-4]. The study and
R&D focus on achieving or exceeding the following machine requirements set by the EIC White Paper [5]:
• CM energy: ~20–~100 GeV, upgradable to
~140 GeV for electron-proton (ep) collisions, and an
equivalent energy range for electron-ion (eA) collisions;
• Particle species: polarized electrons and a large array
of ion species including polarized protons, deuterons and
helium-3, as well as un-polarized light to heavy ions up to
lead, all ions are fully stripped at collisions;
• Detectors: up to two, both supporting full acceptance
of particle detection;
• Luminosity: in the range of 1033 to >1034 cm-2s-1 per
interaction point (IP) over the entire CM energy range for
both ep and eA collisions;
• Beam Polarization: higher than 70% in the longitudinal direction at IPs for both beams, and also in the
transverse directions for light ion beams only, and with
capability of spin flipping (alternate polarization).
The JLEIC design is already mature with stable design
concepts for high performance [2-4]. Recent design optimization includes expanding the CM energy to 100 GeV
for better science reach. The accelerator R&D focuses on
critical accelerator physics studies and selected hardware
prototyping. A comprehensive pre-Conceptual Design
Report (pre-CDR) [6] was recently completed to summarize this design.

THE JLEIC DESIGN
JLEIC is designed as a ring-ring collider, i.e., both col_________________________________________

* This material is based upon work supported by the U.S. DoE under
Contracts No. DE-AC05-06OR23177.
† yzhang@jlab.org

TUPRB112
1916

Figure 1: A schematic layout of JLEIC
The JLEIC ion complex shown schematically in Fig. 2
is a green-field design utilizing several advanced concepts
and accelerator technologies for performance optimization. It includes polarized and unpolarized ion sources;
two RFQs for ions with low and high charge-to-mass ratio
respectively; an ion linac made of both warm DTL-type
apparatus and a set of SRF cavities [8]; two warm booster
synchrotrons, and a collider ring made of cos-theta type
high field (up to 6 T) SC magnets. The low and high
energy boosters [9] accelerate proton from 150 MeV (the
linac energy) to 7.9 GeV and then to 12.1 GeV kinetic
energy respectively. The collider ring can accelerate and
store protons with energy up to 200 GeV [6]. The complex accelerates and store any ions interested as well to
the energies with the same magnetic rigidity as protons.

Figure 2: A schematic layout of JLEIC ion complex
The two collider rings and the full-size high energy
booster (HEB) have nearly identical footprints so they are
stacked vertically and housed inside a common underground tunnel of approximately 2.3 km length. The electrons take a vertical excursion to the plane of the ion
collider ring for horizontal crab crossing at each IP, then
travel back to the plane of the electron ring.
Table 1 summarizes the JLEIC main design parameters
at four representative points, from low to high CM energy. Estimation of the average luminosity assumes 1 or 2
hour beam store either without or with hadron cooling
during collisions respectively. The full size high energy
MC1: Circular and Linear Colliders
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DYNAMIC APERTURE OF JLEIC ELECTRON COLLIDER RING WITH
ERRORS AND CORRECTION*
Y. Nosochkov†, Y. Cai, SLAC National Accelerator Laboratory, Menlo Park, CA, USA
F. Lin, V. Morozov, Y. Zhang, Jefferson Lab, Newport News, VA, USA

Abstract

Design of the Jefferson Lab Electron-Ion Collider
(JLEIC) includes low-beta Interaction Region (IR) and
spin rotator optics for high luminosity and polarization.
Magnet errors, especially in the high-beta final focus
quadrupoles, result in optics perturbations which need to
be corrected in order to attain sufficient dynamic aperture
(DA). We present design of orbit correction system for the
electron ring and evaluate its performance. The DA is
then studied including misalignment, magnet strength
errors, non-linear field errors, and corrections.

gion (IR), two vertical doglegs combined with spin rotators, RF-cavities, tune trombones, and a polarimeter chicane. Each arc is made of short 11.4-m FODO cells with
high 108° phase advance. This choice provides low
4.6 nm-rad emittance at 5 GeV. The above cell phase
advance also provides cancellation of second-order effects
from periodic sextupoles in every 10 cells due to +I transformation [3]. For this reason, chromaticity correction
scheme consists of two-family periodic sextupoles in 40
cells of each arc. The electron ring optics functions are
shown in Fig. 2, where tune is Qx = 57.22, Qy = 50.16.

INTRODUCTION

The Jefferson Lab Electron-Ion Collider (JLEIC) [1] is
designed to attain high luminosity and beam polarization.
The design is based on a figure-8 layout as shown in
Fig. 1. This feature provides an optimal preservation of
the ion and electron polarization [2]. The 2.3-km electron
and ion rings are stacked vertically in the tunnel; they
cross each other horizontally at the Interaction Point (IP)
at 50 mrad angle, where x* = 10 cm, y* = 2 cm. Second
IP can be added in the opposite straight in the future. The
rings are compatible with the energy range of 3 ‒ 12 GeV
for electrons and 30 ‒ 200 GeV for protons.

Figure 1: Layout of the JLEIC electron collider ring.

Magnet errors cause various optics perturbations which
need to be corrected in order to achieve sufficient dynamic aperture (DA), and the specified luminosity and polarization. In this study, we design orbit correction system for
the electron ring and evaluate its performance. Then,
detailed tracking simulations are performed to study dynamic aperture with misalignment, magnet strength errors, non-linear field errors, and the corresponding corrections. Error tolerances are discussed.

LATTICE

The electron collider ring consists of two arcs and two
long straight sections. The latter include Interaction Re___________________________________________
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Figure 2: Optics functions of the electron collider ring.

ERRORS AND ORBIT CORRECTION
Magnet errors such as X and Y offsets, roll angles,
magnet strength errors, and higher order multipole field
errors cause a variety of optics perturbations including
distortion of orbit, dispersion and beta functions, transverse coupling, chromaticity, tune shift, and non-linear
effects. These effects may lead to poor dynamic aperture
and short beam lifetime; hence, they must be corrected.
The most sensitivity is to errors in the strong final focus
quadrupoles (FFQ), where beta functions are very large.
Comparison of orbit response from the FFQ and the nearby quadrupoles due to 0.2 mm offsets is shown in Fig. 3.
To compensate the orbit distortion due to magnet misalignment and dipole field errors, we design the orbit correction system consisting of horizontal (X) and vertical
(Y) dipole correctors and dual-plane monitors (BPM). For
minimum corrector strength and maximum response, the
X and Y correctors are typically placed near focusing and
defocusing quadrupoles, respectively, where the corresponding beta functions are high. Each corrector is 30 cm
long and the BPM is 5 cm long. The corrector distribution
is optimized to avoid redundant locations where phase
advance between the correctors is too small. Sufficient
number of correctors and BPMs is included in the IR,
shown in Fig. 4, to minimize the strong impact of the FFQ
misalignment in the IP area. There are total of 213 Xcorrectors, 191 vertical correctors and 474 BPMs. This
MC1: Circular and Linear Colliders
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DISK AND WASHER COUPLED CAVITY LINAC DESIGN AND
COLD-MODEL FOR MUON LINAC
M. Otani∗ , K. Futatsukawa, T. Mibe, F. Naito, KEK, Oho, Tsukuba, 305-0801, Japan
K. Hasegawa, T. Ito, R. Kitamura, Y. Kondo, T. Morishita, JAEA, Tokai, Ibaraki, 319-1195, Japan
H. Iinuma, Y. Nakazawa, Ibaraki University, Mito, Ibaraki 310-8512, Japan
Y. Iwashita, Kyoto University, Kyoto, 611-0011, Japan
N. Saito, J-PARC Center, Tokai, Naka, Ibaraki 319-1195, Japan

Abstract

A disk and washer (DAW) coupled cavity linac (CCL)
was developed for a medium-velocity part in a muon linac
to measure muon anomalous magentic moment and search
for electric dipole moment. Muons were accelerated from
v/c = β = 0.3 to 0.7 at an operational frequency of 1.3 GHz.
In this paper, the cavity design, beam dynamics design, and
cold-model measurements are presented.

INTRODUCTION

A disk and washer (DAW) coupled cavity linac (CCL)
was first proposed in the early 1970s [1] and the first DAW
was used in a proton and H− linac at the Moscow meson factory [2]. A DAW CCL is a cylindrical cavity with conducting
washers interspersed with disks. There are several types of
supporting structures for the washer [3] and Fig. 1 shows
a biperiodic L-support type [4]. The DAW CCL has many
advantages such as high shunt impedance and high coupling
between the acceleration and coupling cells. Its disadvantages include the mode overlapping and the difficulties in
analyzing its mode structure. Owing to recent enhancements
in computational power, a satisfactory cavity design including washer support can be achieved; thus, three-dimensional
electromagnetic fields can be considered. This paper describes the design of a DAW CCL for a low-emittance muon
beam.

Figure 1: Biperiodic L-support DAW structure [4].

Low-emittance muon beams exhibit potential advantages
in various branches of science. After muons are cooled to
thermal energy [5, 6], they are accelerated to the specific
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energy required by an application. One such application
of accelerated muon beams is the transmission muon microscope [7]. If the muons are accelerated up to 10 MeV,
three-dimensional imaging of living cells can be achieved,
which is impossible with the use of a transmission electron
microscope. Muon linacs have also been used for the precise measurement of muon anomalous magnetic moment
(g µ − 2) and electric dipole moment (EDM) at the Japan
Proton Accelerator Research Complex (J-PARC E34) [8].
The J-PARC E34 experiment aims to accelerate muons to
212 MeV. Recently, a muon acceleration was demonstrated
using, for the first time, using a radio-frequency quadrupole
linac (RFQ) [9]. The muons will be accelerated to few
megaelectronvolts after the RFQ using a drift-tube linac
(DTL) [10–12]. In order to reach the higher energy levels
required for various applications, it is necessary to perform
additional acceleration with following cavities. The DAW
CCL is one of the most promising candidates for this.
In this paper, the DAW CCL designs for the J-PARC E34
experiment and the prototype status are presented. The DAW
CCL accelerates muons from v/c = β = 0.27 to 0.7 at
an operational frequency of 1.3 GHz. First, we present
designs for cavity and beam dynamics. Then, we describe
the measurement for an Al cold-model of the DAW cavity.
Finally, we summarize our results.

CAVITY DESIGN
In order to maximize the high-acceleration efficiency, the
cavity design is optimized using several electro-magnetic
field solver software. First, a two-dimensional model without washer supports, as shown in Fig. 2 is optimized by
calculating the acceleration and coupling mode with SUPERFISH [13]. The variable parameters are disk radius
(Td ), disk thickness (Td ), washer radius (Rw ), and the gap
between the washer (G) as shown in red characters in Fig. 2.
The optimization process is performed using the SIMPLEX
algorithm [14] and the optimization function is constructed
with the confluent condition ( f a = f b , where f a and f b
are the resonant frequencies of the acceleration and coupling modes, respectively), high shunt impedance (ZTT),
and small peak-to-average ratio (E0 /Emax ).
Then, a three-dimensional model with washer supports
is constructed in CST MICROWAVE STUDIO [15] based
on the optimized two-dimensional model. Here, the connection radius of the supports is selected to be the zero-electric
point to minimize perturbation to the accelerating mode. The
MC4: Hadron Accelerators
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IMPROVEMENTS IN RF MULTICUSP NEGATIVE ION SOURCE∗
A. George† , S. Melanson, D. Potkins, T. Stewart, M. Dehnel, D-Pace, Nelson, Canada.
Y. Shimabukuro, Doshisha University, Japan
N.G.R. Broderick, University of Auckland, New Zealand

Abstract
D-Pace’s 13.56 MHz Radio Frequency (RF) multi cusp
negative ion source uses an Aluminium Nitride (AlN) dielectric window for coupling RF power from an external
antenna to the plasma chamber. Ion source operation was
limited to low RF power (< 3500 W) due to failures (cracks)
occurring on the window during experiments. Such events
can cause damages to the vacuum system and plasma chamber. The current work deals with simulations performed
on the ion source to study the factors leading to the failure
of the window. Based on results from the simulations, a
new design was introduced. The improved design yielded
positive results in terms of source performance and stability
of the AlN window.

INTRODUCTION

D-Pace has established a 13.56 MHz RF ion source [1],
which is a hybrid design between TRIUMF licensed filament
ion source [2] and RADIS ion source licensed from University of Jyväskylä [3], for generating negative ion beams. The
main advantage of the RF ion source over the filament ion
source is that the downtime and consumable cost associated
with replacement of worn out filaments will not occur.
Section view of the RF ion source and extraction system is
presented in Fig. 1. The power for generating and sustaining
the plasma is transmitted to the plasma chamber by a 3 turn
flat spiral copper coil (RF antenna) placed external to the
plasma chamber. A dielectric window made of Aluminium
Nitride (AlN) couples the RF power from the antenna into the
plasma chamber. The RF coil is placed against this window.
The AlN window is held in place by copper flanges and is
in contact with the plasma directly. The copper flanges are
cooled by water flowing through copper tubes brazed to the
flanges. Negative ions are produced inside the low pressure
plasma chamber through volume production methods [4].
10 rows of Sm2 Co17 magnets are present along the plasma
chamber for plasma confinement. There are three electrodes
consisting of the plasma electrode, the extraction electrode
and the ground electrode, for ion extraction. The ion source
is biased at a negative potential with respect to the ground
electrode for the extraction of negative ions.
The D-Pace RF ion source has so far achieved negative
ion beam currents of Hydrogen (8.3 mA) and Deuterium
(3.6 mA) at a maximum of 3500 W RF power [1]. The
RF power was limited to 3500 W during experiments, even
though the RF power supply was capable of generating power
∗
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up to 5000 W. This was due to the AlN dielectric window
reaching high temperatures during operation (> 400 o C at
3500 W). The window was also broken during the experiments, creating damages inside the vacuum system. This
adversely affected the confidence in stable operation of the
ion source and the potential to achieve higher negative ion
beam currents.
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Zealand.
a.george@auckland.ac.nz

TUPTS001
1928

Figure 1: Section view of ion source and extraction.

SIMULATIONS
Thermal Study
A direct measurement of temperature on the AlN window
is not possible while running the ion source, due to the
presence of the external antenna . Hence, a thermal image of
the window and adjacent flanges was captured with a Fluke
IR camera immediately after switching off the RF power.
The temperature at the centre of the window was reaching
around 380 o C in the thermal image, after operating the ion
source at 2500 W. The edge of the window was around 180
o C and the copper flanges were around 40 o C.
Based on the results from the thermal image, a thermal
model of the ion source was created using Solidworks [5]
thermal simulations. The simulations use Finite Element
Analysis (FEA) method for solving the geometries. Thermal
contact resistance between the parts and convection coefficient values (for heat transfer between ion source and water
cooling) were chosen such that the simulated model matched
with the temperature distribution in the thermal image. Results are shown in Fig. 2 for an ion source receiving 2500 W
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DEVELOPMENT OF A PENNING ION SOURCE TEST STAND FOR
PRODUCTION OF ALPHA PARTICLES∗
N. Savard† , University of British Columbia, Vancouver, Canada
D. Potkins, P. Jackle, J. Theroux, S. Melanson, G. Marcoux, M. Dehnel, D-Pace, Nelson, Canada

Abstract

Medical cyclotron manufacturers are seeking less-costly
and more compact ion sources than Electron Cyclotron Resonance Ion Sources (ECRIS) for alpha particle production,
which are currently capable of generating beam currents up
to 2 mA at energies of 30 keV for axial injection into these cyclotrons. Penning Ion Sources by comparison are relatively
old technologies mostly used for cheap singly-charged ion
production. However, these ion sources have been used in
the past for high-current multiply-charged state ion production of heavy ions up to a few mA of current, and are much
smaller, cheaper, and less complex than ECRISs. Therefore,
we are developing a Penning Ion source test stand to produce
high-current alpha-particles for medical cyclotrons. This
requires designs and simulations of all the primary components of the ion source. This system will be used to fully
characterize the output beam current and internal plasma
properties as a function of varying gas pressure, ion source
geometries, magnetic field strength, arc voltage/current, and
material properties. The result will be a source optimized
for maximum alpha particle beam currents, to be used as a
prototype for a commercial Penning Ion Source.

INTRODUCTION

Penning Ion Sources (referred to as PIG sources) are ion
sources composed of a cylindrical anode, cathode caps at
either end, and a strong magnetic field along the cylindrical
axis. A plasma discharge is generated between the electrodes,
and is confined predominantly by the strong magnetic field.
The ions are extracted through a slit on the side of the anode
with an additional electrode outside the slit (see Fig.1).
Due to their small size (few cms in height) and the need for
a strong magnetic field, these ion sources are very popular
for low charge state ion production in cyclotrons. However,
medical accelerators are in need of higher-charge state particles, such as α-particles, to generate medical isotopes (such
as Astatine-211) for radiotherapy [1]. The ECRIS (Electron
Cyclotron Resonance Ion Source) is often used to produce
high-charged state ions, such as for the production of αparticles, in these medical cyclotrons through an injection
beamline. However, these ion sources are costly and large,
and are therefore overkill when used purely for α production.
A PIG source might be used as a cheap alternative, as there
have been examples of these ion sources able to achieve
up to a few mA of α current [2]. In order to achieve the
requirements set by manufacturers (such as IBA, Sumitomo,
ACSI, and BEST) such an ion source will need to output up
∗
†

to ≈2 mA α-current, at energies of 30 keV, with a normalized
emittance less than 1 mm-mrad. However, using PIG sources
for generating α particles is rare, as very few studies can be
found on this topic.
Therefore, in order to test the capability of such an ion
source for α-particle production, D-Pace/Buckley Systems
is designing and manufacturing a PIG source which will
be able to characterize the α-particle output beam currents
as a function of various input parameters. These include
the gas pressure, arc voltage/current, anode size, extraction
geometries, and magnetic field strength. In addition, optical
emission spectroscopy and langmuir probes will be used
to characterize the plasma properties such as electron density and temperature, and how they correlate to the input
parameters and output current. Such information can be
used to create an optimized prototype PIG source for maximal α-particle currents necessary for medical accelerators.
Furthermore, PIG sources are capable of producing highcharge states of heavy ions [3] which might be of interest to
ion-implanters, and are capable of producing H− through a
reversal of polarity [4], which is also applicable to medical
accelerators. There is potential to also optimize the PIG
source for production of these ions as well.
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DESIGN
The ion source test stand’s design prioritized variability in
order to get a better parametric range from which to optimize
high α-currents. These dynamic parameters are gas flow
(source gas pressure), arc voltage/current, magnetic field
strength, and anode/puller geometries. The beam currents
will be measured with Faraday cups, whereas plasma density and temperature can be estimated with optical emission
spectroscopy and Langmuir probes.
The design of the ion source system is presented in this
paper. Unless stated otherwise, all simulations were done in
COMSOLTM Multiphysics [5].

Internal Source
The primary ion source components are shown in Fig. 1.
The anode is at bias (nominally 15 kV) to the grounded
puller. The cathode is negatively biased (0 - 5 kV) with
respect to the anode. These are clamped together with ‘insulator holders’, which also insulate the ion source from the
grounded chamber and magnet poles. The helium gas feeds
through the anode from the top and leaks through the slit
into a vacuum chamber. The bottom of the anode has a hole,
which currently shows a rod used to stabilize the ion source.
This can also be used with a gas feed to get a more uniform
gas pressure within the ion source.
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ADVANCED BEAM TRANSPORT SOLUTIONS FOR ELIMAIA: A USER
ORIENTED LASER-DRIVEN ION BEAMLINE
F. Schillaci∗1 , D. Margarone, V. Scuderi 1,
Institute of Physics of the ASCR, ELI-Beamlines Proj., Prague, Czech Republic
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Abstract

Laser-target acceleration represents a very promising alternative to conventional accelerators for several potential
applications, e.g. in nuclear physics and medicine. However,
some extreme features, such as a wide energy and angular
spread, make optically accelerated ion beams not immediately suitable for multidisciplinary applications. Therefore,
in addition to improvement of laser-target interaction, a large
effort has been recently devoted to the development of specific beam-transport devices in order to obtain controlled
and reproducible output beams within the ELIMAIA user
beamline development at ELI-Beamlines. The transport
beamline will be composed by three sections for the collection, selection and final shaping of the transported beams.
The collection section is made of a set of super-strong high
field quality permanent magnet quadrupoles with large acceptance to minimize beam losses and a gradient of 100 T/m
over a 36 mm net bore able to correct the angular dispersion
and focus laser driven ions. The beam selection is done by a
magnetic chicane made of C-shaped electromagnetic dipoles
able to select beams with an high resolution and to work as
an active energy modulator (up to 300 MeV for protons and
carbon ions up to 70 MeV/u). The final beam shaping is
done by two steerers and two electromagnetic quadrupoles.
In this contribution the actual status of the beam transport
line is described together with the preliminary test performed
with conventional accelerators at INFN-LNS. The feasibility
study of a possible upgrade will be also reported.

INTRODUCTION

Laser-driven ion beams are a promising alternative to conventionally accelerated particle beams [1–7] even if they
are not directly suitable for most applications because of
the large angular and energy spread. Several efforts have
been already put in order to develop beam-transport lines
able to produce a controllable beam from laser accelerated
particles [8–11]. Moreover, studies on the radiobiological effectiveness of laser driven protons have been also carried out,
showing promising results [12]. A collaboration between
ELI-Beamlines and INFN-LNS (ELI-Beamlines [13]) was
launched to realize the beam transport, the dosimetric and the
irradiation section of the ELIMAIA (ELI Multidisciplinary
Application of laser-Ion Acceleration) beam-line dedicated
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to ion acceleration. ELIMED represents the section of ELIMAIA addressed to the transport, handling and dosimetry of
laser-driven ion beams and to the achievement of stable, controlled and reproducible beams that will be available for users
interested in multidisciplinary and medical applications of
such innovative technology. The transport and dosimetric
beam-line has been installed at ELIMAIA in Jul 2018, Fig.1,
and it is made of three main elements: a collection system,
namely a set of Permanent Magnet Quadrupoles (PMQs)
placed close to the laser-interaction point, an energy selection system (ESS) based on four resistive dipoles, and a set
of conventional electromagnetic transport elements for the
final focusing of the beam before the injection in the in-air
dosimetric station [14–16]. The beam-line will be working
for laser-produced ions up to 70 MeV/u and for protons up to
300 MeV, offering, as output, a controllable beam in terms
of energy spread (varying from 5 % up to 20 %), angular
divergence and hence, manageable beam spot size in the
range 0.1 − 10 mm, and acceptable transmission efficiency
of about 10 %.

Figure 1: The ELIMAIA beamline with description of each
section.
In order to fulfill the project requirements the two main
elements of the beam-line, the PMQs system and the ESS,
have been optimized. The aim of the collection system is to
collect the accelerated ions within a certain energy range,
correct their angular divergence and inject them into the
selection system which will cut the particle outside the energy range of interest. The beams coming out from this
first part of the beam-line (PMQs+ESS) will have characteristics closer to conventional beams and, hence, easier to
be transported and shaped with conventional electromagnetic lenses (quadrupoles), which will be placed in the last
part of the in-vacuum beam-line. The above description of
the proposed beam-line, makes it clear that the ESS is the
core element. It has been designed and realized as a single
reference trajectory device based on four resistive dipoles
with wide acceptance and, its laminated core allows the use
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TESTS AT HIGH RF POWER OF THE ESS MEDIUM BETA
CRYOMODULE DEMONSTRATOR
P. Bosland†, C. Arcambal, S. Berry, A. Bouygues, E. Cenni, G. Devanz, T. Hamelin, X. Hanus,
O. Piquet, J.P. Poupeau, B. Renard, P. Sahuquet, CEA, Gif sur Yvette, France
G. Olivier, IPN, Orsay, France.
J.P. Thermeau, IN2P3-UNIVERSITE PARIS DIDEROT, Paris, France
C. Darve, ESS, Lund, Sweden
P. Michelato, INFN, Milano, Italy

Abstract

CEA is in charge of the 30 elliptical medium and highbeta cryomodules to be installed in the ESS tunnel in Lund,
Sweden. Before launching the assembly of the series
cryomodules, CEA developed a medium-beta cryomodule
technology demonstrator in collaboration with IPNO,
LASA and ESS. This paper briefly presents the
cryomodule assembly and summarizes the main results of
the high RF power tests performed in 2018 in a dedicated
test stand in CEA Saclay.
The main ESS requirements were reached: Eacc =
16.7MV/m in cavities, Pforward = 1.1 MW in power couplers,
RF pulses length = 3.6 ms at 14 Hz. The piezo tuners
efficiently compensated the Lorentz forces detuning and
could stabilize the accelerating field better than 1% over
the full length of the expected ESS 2.86 ms beam pulse
without any LLRF regulation system.
Following this successful validation CEA started the
assembly of the first ESS medium-beta series cryomodule.

INTRODUCTION

CEA is in charge of the production of 30 cryomodules of
the ESS Linac [1,2]. This is one of the main French in-kind
contribution for the ESS accelerator construction. CEA is
delivering 9 medium-beta cryomodules (=0.67) and 21
high-beta cryomodules (=0.86). Previous papers
presented the cryomodule design (Fig.1), which is similar
for medium and high-beta cryomodules with four
704 MHz elliptical cavities [3]. Nominal gradients are
respectively 16.7 MV/m and 19.9 MV/m for medium and
high-beta cavities and the maximum power transferred by
the power couplers is 1.1 MW.

The prototyping phase consisting in the design,
manufacturing and tests at high RF power of a prototype
medium-beta cryomodule named M-ECCTD was a
collaboration of CEA/Irfu and CNRS/IPNO. In 2017, the
M-ECCTD cryomodule had been already assembled and
installed in the test stand when an incident occurred and
caused the sudden break of the cavity vacuum. Tests at high
RF power were cancelled but cryogenic and low-level RF
tests could be performed. Results are summarized in [4].
We dismounted the M-ECCTD after these tests. We
replaced the damaged cavity and the broken power coupler
by new ones and refurbished the 3 other cavities and
couplers for remounting the cryomodule. We also replaced
the heat exchanger previously mounted (plate exchanger)
by the first heat exchanger of the series that is of a different
technology (Hampson heat exchanger). This paper
summarizes the results obtained during the RF power tests
performed with the M-ECCTD in CEA Saclay between
Sept. and Dec. 2018. In addition to test results, we present
a short status of the series production that is starting.

RF POWER TESTS IN CEA TEST STAND
Figure 2 shows the Q-curves of the four RF cavities
measured before the cryomodule reassembly. Cavity 4 did
not reach the ESS specifications but we mounted it for
schedule reasons.

Figure 2: Q curves of the cavities before assembly in the
M-ECCTD.
We performed the RF conditioning of the four power
couplers up to 1.1 MW in TW and SW at 14 Hz and max
Figure 1: ESS medium-beta cryomodule general layout.

TUPTS006
1940

MC4: Hadron Accelerators
A14 Neutron Spallation Facilities

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS007

SPIRAL2 RFQ BUNCH LENGTHS AND LONGITUDINAL EMITTANCE
MEASUREMENTS
G. Normand, M. Di Giacomo, R. Ferdinand, O. Kamalou, JM. Lagniel, A. Savalle
GANIL, Caen, France
D. Uriot, CEA/IRFU, Saclay, France

Abstract

The SPIRAL2 beam commissioning has started and the
superconducting linac installation is being finalized. The
conditioning of the Radio Frequency Quadrupole (RFQ)
[1] begun in 2015, and the beam commissioning soon after.
Among the beam parameters checked at the RFQ output,
the energy, bunch length and longitudinal emittance have
been measured for the 3 referenced particles.

INTRODUCTION

GANIL is significantly extending its facility with the
new SPIRAL2 project based on a multi-beam
Superconducting Constant Wave linac driver [2, 3].
The accelerator commissioning started with the injector
qualification on a diagnostic plate (D-Plate) located after
the RFQ. We had the objectives to validate the RFQ
performances and record beam parameters for various
main reference particles: transmission, beam energy,
output emittances in the three planes and bunch extension.
A great care was taken on the longitudinal plane, as it can
lead to linac losses and activations.

EXPERIMENTAL SETUP

Beams Requirements
The layout of the SPIRAL2 driver takes into account a
wide variety of beams to fulfill the physics request.
Table 1: Beam specifications (Option is not built yet).
Particles

H+

D+

ions

Q/A
Max. I (mA)

1
5

1/2
5

1/3
1

Ions
option
1/6
1

transport Line (MEBT) in order to validate the RFQ
performances, to develop and qualify diagnostics and to
measure the beam characteristics. For the longitudinal
plane (Figure 1), it includes:
 Energy with a Time of Flight (ToF) monitor.
 Longitudinal profile and emittance with a Fast
Faraday Cup (FFC) and a Beam Extension Monitor
(BEM).
 Phase measurement with 2 BPMs, and the 3
electrodes of the ToF monitor
The performances of the diagnostics are given in [5, 6, 7].

Figure 1: Injector scheme with the D-PLATE.
The FFC is a Faraday Cup, limited to 400 W beam
power. It has a minimum time resolution of σrms= 330 ps
due to bandwidth limitation (2 GHz) [5].
The BEM (Figure 2) is a 150 µm tungsten wire
interacting with the beam (involving limited beam power).
The bunch shape is measured with the emitted X-rays using
µchannel plates coupled with a fast readout anode [6]. The
estimated temporal resolution σ = 47 ps corresponds to
1.5° of phase resolution at 88 MHz.

Injector
The injector is composed of two Electron Cyclotron
Resonance (ECR) ion sources (for heavy and light ions)
and of a normal conducting RFQ connected to the
superconducting LINAC. Both ECR sources and their Low
Energy Beam Transport lines (LEBT) have been
successfully tested and qualified at an earlier stage [4].
On December 03, 2015 the 88.0525 MHz RFQ cavity
was ready for beam, and the first pulsed proton beam was
successfully accelerated. The theoretical 100 %
transmission was obtained after a few hours. Since then,
100 % transmission have been obtained for 4He2+ and
heavy ion A/Q=3 (18O6+) in both pulse and CW operations.

Injector Diagnostic Plate
The D-Plate is installed in the Medium Energy Beam
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Figure 2 : BEM scheme.

ENERGY AND BUNCH LENGTH
Energy
The RFQ beam energy is measured using 3 ToF pick up
electrodes [5]. The beam energy was measured for proton
and Helium (pulsed and CW) (Table 2). The other species
could not be measured properly due to the installation of a
2nd BPM into the line, which have to be protected with slits.
Figure 3 (TraceWin simulations [8]) shows the slit effect
on the longitudinal plane due to a correlation introduced by
the Ey field in the rebuncher. Due to this effect, the slits
induce a phase shift which can be as high as 15°.
MC4: Hadron Accelerators
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THE PULSING CHOPPER-BASED SYSTEM OF
THE ARRONAX C70XP CYCLOTRON
F. Poirier†, ARRONAX, Saint-Herblain, France and CNRS - DR17, Rennes, France
F. Bulteau-harel, X. Goiziou, C. Koumeir, A. Letaeron*, ARRONAX, Saint-Herblain, France
G. Blain, M. Fattahi, F. Haddad, J. Vandenborre, IN2P3/SUBATECH, Nantes, France

Abstract

The Arronax Public Interest Group (GIP) uses a multiparticle cyclotron to perform irradiation from a few pA up
to hundreds of µA on various experiments and targets [1].
To support further low intensity usage and extend the beam
time structure required for experiments such as pulsed experiments studies (radiolysis, proton therapeutic irradiation) and high intensity impact studies, it has been devised
a pulsing system in the injection of the cyclotron. This system combines the use of a chopper, low frequency switch,
and a control system based on the new extended EPICS
network. This paper details the pulsing system adopted at
Arronax, the last results in terms of time structure, various
low intensity experimental studies performed with alpha
and proton beams and the dedicated photon diagnostics.

INTRODUCTION

The cyclotron of Arronax provides bunches interspaced
by 32.84 ns (RF frequency=30.45MHz) at average intensities at least up to 375 µA for proton and 50 µA for alpha.
This translates respectively into 7.8 107 and 5.1 106 particles per bunch. These features are the base for delivering a
high number of particles to users. Additionally, the need
from users at Arronax for short time structure have been
addressed through the usage of a chopper system that can
get rid of bunches at low energy before they are accelerated
and sent to the end-of-beamline. This philosophy, associated to a variable frequency high voltage (HV) switch, controlled by a dedicated electronics, allows a versatile system
applicable to any particles at Arronax, provided that the deviation voltage is high enough and performed sufficiently
fast. The prototype version of the chopper relies on the
switch located close to the injection. With the regular high
intensity runs of Arronax, it has been decided to build a
system that can be removed and installed only when
needed at least during a year-long period of tests.

BASIC CONCEPT

The pulsing chopper based system is designed to provide
a variable number of trains of bunches to users from an initial continuous bunch structure, typical of cyclotrons. The
present prototype design and functioning system allows
thus, as illustrated in Fig. 1, to modify the dt train duration
and repetition (=1 𝑑𝑖𝑡 with dit the inter ending-train duration). Based on the electronics, at the fastest, the system
can provide trains of 164 ns length at 50 kHz repetition i.e.
5 bunches every 200 µs. This time structure can be modified online by the operators via the specifically devised EPICS
interface.
___________________________________________
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on leave

Figure 1: Examples of variable time structure with the new
pulsing chopper-based system. 3 trains of bunches are represented. <I> is the average intensity.

OVERALL LAYOUT AND INTEGRATION
The system is based on a chopper located in the injection
above the accelerator, and deflects particles which are
around 40 keV for H- or 20 keV for the other particles (alpha, D-). Their energy depends on the setting of the source
puller which is in accordance to the tuning of the downstream buncher. The main objective for the tuning in the
injection is to maximize the number of particles. The overall system has been simplified compared to the one described in [2]. Thus the 50kV beamline deflection is not
used and triggers are coming from the cyclotron RF generator directly and selected by the controller to mirror train
presence. This signal is dispatched to the user’s acquisition
room and can serve as experimental triggers.
The chopper is based on two copper plates mounted vertically in the beam-pipe with HV pass-through connectors.
Each plate is 100 mm long by 50 mm of width. They are
separated by 47 mm within a vacuum of 1.5e-5 mbar. Proton and alpha particles take respectively 36 and 102 ns to
travel between the plates.

General Layout
The power supply room hosts the control electronics, a
3.3 kV High power supply and a Raspberry Pi3 [3]. The
cyclotron vault houses the switch box as shown in Fig. 2.
The switch is a Behlke FSWP 51-02 [4]. It is encapsulated in a dedicated removable box as pictured in Fig. 3,
with specifically designed short ground lines.

Figure 2: General layout of the pulsing system.
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OPERATING THE SNS RF H- ION SOURCE WITH A 10% DUTY FACTOR*
M.P. Stockli†, B.X. Han, M. Clemmer, S. Cousineau, A. Justice, Y.W. Kang, S.N. Murray, Jr., T.R.
Pennisi, C. Piller, C.M. Stinson, R.F. Welton, Spallation Neutron Source,
Oak Ridge National Laboratory, Oak Ridge, USA
V. Dudnikov, Muons, Inc, Batavia, USA
I. N. Draganic, R.W. Garnett, D. Kleinjan, G. Rouleau, Los Alamos Neutron Science Center,
Los Alamos National Laboratory, Los Alamos, USA
Abstract
The SNS (Spallation Neutron Source) (radiofrequency) RF-driven, H- ion source injects ~50 mA of Hbeam into the SNS accelerator at 60 Hz with a 6% duty
factor. It injects up to 7 A·hrs of H- ions during its ~14week service cycles, which is an unprecedented lifetime
for small-emittance, high-current pulsed H- ion sources.
The SNS source also features unprecedented low cesium
consumption and can be installed and started up in <10 h.
Presently, the LANSCE (Los Alamos Neutron Science
CEnter) accelerator complex in Los Alamos is fed by a
filament-driven, biased converter-type H- source that
operates with a high plasma duty factor of 10%. It needs
to be replaced every 4 weeks with a ~4 day startup phase.
The measured negative beam current of 16-18 mA falls
below the desired 21 mA acceptance of LANSCE’s accelerator especially since the beam contains several mA of
electrons.
LANSCE and SNS are exploring the possibility of using the SNS RF H- source at LANSCE to increase the Hbeam current and the ion source lifetime while decreasing
the startup time. For this purpose, the SNS H- source has
been tested at a 10% duty factor by operating it at 120 Hz
with 840 μs plasma pulses generated with ~30 kW of
2 MHz RF power, and extracting ~25 mA around-theclock for 28 days. This, and additional tests and other
considerations are discussed in this paper.

INTRODUCTION
The LANSCE (Los Alamos Neutron Science Center)
800-MeV accelerator was the world’s most powerful
accelerator when it was started up in 1972, and remains
one of the most powerful accelerators today. In 1977 a
pulsed spallation neutron source was commissioned [1].
In 1985, when the PSR (Proton Storage Ring) was started,
the accelerator switched to negative H- beams to efficiently accumulate protons in the ring. LANSCE has since
served many tens of thousands of users with its five user
facilities [1].
The required H- ion source was developed and built at
LBNL (Lawrence Berkeley National Laboratory) [2]. As
shown in figure 1a, the source uses multicusp magnets for
plasma confinement. The pulsed plasma is started by
raising the hot filaments to a working temperature of
~2700 K [3], so that thermally emitted electrons generate
___________________________________________
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hydrogen ions during the arc discharge pulse. The positive ions are attracted by the -300 V biased spherical converter electrode. Some of the ions convert to H- ions and
are pushed towards the outlet.
Some of the energetic ions sputter the work function
reducing Cs atoms, which limits the beam output to 1618 mA, with electrons contributing several mA. LANSCE
compensates the beam current limit by operating with a
10% duty factor, the world’s highest duty factor for
pulsed high-current H- accelerators. Also noticeable is the
very small H2 consumption of ~2.2 sccm (standard cubic
centimeter per minute).

Figure 1: Schematics of a) the LANSCE filament-driven
converter- and b) the SNS RF driven- H- ion sources.
The SNS (Spallation Neutron Source) accelerator started up in 2006 and now is routinely operating at 1.4 MW
making it the world’s most powerful accelerator [4]. The
incorporation of an accumulator ring in the design set the
requirement for the use of negative ions. The H- source
was a part of the SNS Frontend, developed and built at
LBNL, as a part of the six-laboratory collaboration that
designed and built SNS [5].
While the H- source worked well for commissioning
the Frontend at LBNL [6] and then the multiyear lowduty-factor commissioning phase of the entire accelerator
at ORNL (Oak Ridge National Laboratory), problems
surfaced as soon as the duty factor was increased beyond
0.2% [7]. Fortunately, the past years of usage provided
adequate opportunities to identify and correct deficiencies
and weaknesses and to implement other improvements
[8]. The most recent advances result from being able to
show that the lifetime of the improved ion sources exceed
the lifetime of the SNS targets, so that ion source replacement events are rare. This caused the typical Hsource availability to increase from ~99.5% to ~99.9%.

THE SNS CESIATED RF H- ION SOURCE
Shown in figure 1b, about 30 sccm of H2 gas is fed
through the back of the stainless steel plasma chamber,
which is embedded with water-cooled bar magnets arranged in cusp configurations. After launching ~300W of
TUPTS009
1951

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS011

VACUUM LIFETIME AND SURFACE CHARGE LIMIT INVESTIGATIONS
CONCERNING HIGH INTENSITY SPIN-POLARIZED
PHOTOINJECTORS
S. Friederich∗ , K. Aulenbacher1,2 , C. Matejcek
Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, Germany
1
also at Helmholtz Institute Mainz, Germany
2
also at GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany

The Small Thermalized Electron Source at Mainz
(STEAM) is a dc photoemission source. It is designed to
operate at up to 200 kV bias voltage with an accelerating
field of up to 5 MV m−1 at the cathode surface. In several
experiments, the properties of GaAs operating under the conditions of spin-polarized photoemission were investigated.
Its performance, quantum efficiency lifetime and surface
charge limit observations for bulk-GaAs will be discussed.

INTRODUCTION

The Mainz Energy-Recovering Superconducting Accelerator (MESA) will be built at the Institute for Nuclear Physics
at the Johannes Gutenberg University in Mainz [1]. MESA
shall operate from 1 mA to 10 mA CW in an energy-recovery
mode for the MAGIX [2] and with 150 μA spin-polarized
electrons for the P2 [3] experiment. Achieving high currents
while staying at low emittances called for the development
of a new source with a high extracting field.

SOURCE DESIGN
Inverted
insulator

Cathode
Elevator

Gauge

IGP
View port

Elevator
manipulator

Preparation
chamber
Photocathode

NEG modules

Anode

Gas leak valve

View port
(laser)

100 mm

View port
(camera)

Figure 1: CAD model of the STEAM including the inverted
insulator, cathode, potential-free anode and NEG modules.
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A basic CAD model of STEAM is shown in Fig. 1. It is
based on the designs of the Mainzer Microtron (MAMI) [4]
dc photoemission source and the inverted insulator design
used at the CEBAF source at the Jefferson Laboratory
(JLAB) [5]. While the latter design allowed to design a very
compact source, the vertical design of the MAMI source
was adopted for reasons of cylindrical symmetry. Fourteen
400 L s−1 NEG modules gathered around the cathode anode
gap of 𝑑 = 37 mm and a 150 L s−1 IGP allow to reach a base
pressure of around 5 × 10−12 mbar after a baking-out period
of 300 h at 220 ∘C.
The photocathodes are prepared in an ultra-high vacuum
chamber and transferred to the source through a valve without breaking the vacuum (load-lock operation). The photocathode material is a bulk-GaAs crystal, which is heavily
p-doped with zinc atoms, 𝑁a ≈ 10−19 cm−3 . The surface
orientation is (100) and its thickness is 500 μm. It is placed
in a molybdenum holder in a slice of 11 × 11 mm fixed with
a tungsten wire spring. The photocathode is heated up to
approx. 580 ∘C for 1 h and prepared with CsO after a 45 min
cool-down. By placing a mask in front of the cathode during
activation, the deposition of CsO is restricted to a circular
area 3 mm in diameter around the center. This technique
suppresses the photoexcitation of electrons by stray light.

EXPERIMENTAL SET-UP
The Laser System
A fibre-coupled laser diode was used as a drive laser and
focused on the photocathode through a sideways view port
under at an angle of 40°. The wavelength 𝜆L is 808 nm as
needed for the emission of spin-polarized electrons. The
maximum laser power 𝑃max is 5 W. The elliptical laser spot
was measured on a camera sensor. Its root mean square
semi-major axis is 𝜎x = 560 μm and its semi-minor axis is
𝜎y = 780 μm, resulting in an elliptic area of 𝐴 = 1.4 mm2 .
The quantum efficiencies in the source were measured in the
low-laser power regime for dc currents below 20 μA.

The MELBA
The measurements were performed at the first part of the
Mesa Low-energy Beam Apparatus (MELBA) [6], where
STEAM is attached to operate at an electron energy of
100 keV resulting in an extraction field of 2.5 MV m−1 . This
stage of MELBA consists of a magnetic guiding system,
a vacuum system (including a differential pumping stage),
MC2: Photon Sources and Electron Accelerators
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EMITTANCE REDUCTION OF RF PHOTOINJECTOR GENERATED
ELECTRON BEAMS BY TRANSVERSE LASER BEAM SHAPING
M. Gross†, H. J. Qian, P. Boonpornprasert, Y. Chen, J. D. Good, H. Huck, I. I. Isaev, C. Koschitzki,
M. Krasilnikov, S. Lal, X. Li, O. Lishilin, G. Loisch, D. Melkumyan, S. K. Mohanty, R. Niemczyk,
A. Oppelt, H. Shaker, G. Shu, F. Stephan, G. Vashchenko, Deutsches Elektronen-Synchrotron
DESY, Platanenallee 6, 15738 Zeuthen, Germany
I. Will, Max-Born-Institut, Max-Born-Str. 2A, 12489 Berlin, Germany

Abstract
Laser pulse shaping is one of the key elements to generate low emittance electron beams with RF photoinjectors. Ultimately high performance can be achieved with
ellipsoidal laser pulses, but 3-dimensional shaping is
challenging. High beam quality can also be reached by
simple transverse pulse shaping, which has demonstrated
improved beam emittance compared to a transversely
uniform laser in the ‘pancake’ photoemission regime. In
this contribution we present the truncation of a Gaussian
laser at a radius of approximately one sigma in the intermediate (electron bunch length directly after emission
about the same as radius) photoemission regime with high
acceleration gradients (up to 60 MV/m). This type of
electron bunch is used e.g. at the European XFEL and
FLASH free electron lasers at DESY, Hamburg site and is
being investigated in detail at the Photoinjector Test facility at DESY in Zeuthen (PITZ). Here we present raytracing simulations and experimental data of a laser
beamline upgrade enabling variable transverse truncation.
Initial projected emittance measurements taken with help
of this setup are shown, as well as supporting beam dynamics simulations. Additional simulations show the
potential for substantial reduction of slice emittance at
PITZ.

INTRODUCTION

Short pulse laser systems are driving RF photoinjectors
and as a standard, the transverse shape of their laser pulses can be approximated very well with a Gaussian distribution. Simulations have shown that the emittance of
resulting electron bunches can be decreased when utilizing laser pulses with a flat-top transverse intensity distribution instead [1]. Typically this is realized by cutting out
the central part of the Gaussian distribution with an aperture along the transport beamline, resulting in a wellapproximated flat-top but with high pulse energy loss,
typically one order of magnitude.
In an investigation at LCLS-I it was shown that it can
be advantageous to use a transverse distribution between
Gaussian and flat-top, a truncated Gaussian [2]. In experiment a projected emittance reduction of about 25% was
demonstrated when truncating the Gaussian at one sigma
(in this case the intensity at the edge is about 60% of the
intensity in the centre). This was corroborated by slice
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emittance simulations.
While LCLS-I runs in the ‘pancake’ photoemission regime with 3 ps (FWHM) laser pulses, DESY’s Photoinjector Test facility at DESY in Zeuthen (PITZ) usually
runs in the intermediate regime. One of the main working
areas at PITZ is the generation of highly brilliant electron
beams with the help of laser pulse shaping [3]. The current standard condition at PITZ is a flat-top transverse
profile, but it was shown in simulation [4] that under
certain conditions the use of a truncated Gaussian transverse profile leads to an emittance reduction up to 15%.
An additional aspect is the linearization of the transverse space charge. This is done ideally with a parabolic
radial distribution [5], but a Gaussian, truncated at about
one sigma is a very good approximation of this condition.
Therefore we decided to investigate this pulse shaping
technique in experiment and simulation at PITZ.

INVESTIGATION AT PITZ
Experimental Preparation: Zoom Telescope
The pulses of the PITZ photocathode laser are transported from the laser output to the photocathode with a
double image relay [4]. The first imaging system is a
Keplerian telescope consisting of three lenses; the distance between object and image plane is about 14 m and it
has a magnification of about 10. This magnification factor
is optimized for generating a transverse flat-top shape of
about 0.5 to 1.5 mm diameter by cutting out the central
part of the Gaussian distribution provided by the laser
with a variable iris placed in the image plane. The laser
pulses are then imaged onto the photocathode with a second Keplerian telescope, this time a simple two lens 4f
system with a total length of 22 m and a magnification of
1. This imaging system had to be adjusted for this investigation since the plan was to look at varying bunch charge
and optimize truncation settings. This made it necessary
to be able to control the laser spot size on the variable iris
by adjusting the magnification of the first image relay. In
order to minimize the construction effort and have the
possibility to revert to the original setup it was decided to
keep the original three lens setup unchanged and add a
zoom telescope. This zoom telescope was supposed to be
placed soon after the first original lens to utilize available
space on the laser optical table. The targeted range of
bunch charge for the emittance measurements was from
20 pC to 2 nC and with the additional requirement that it
should be possible to illuminate the whole photocathode,
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CHARACTERIZATION OF AN ELECTRON GUN TEST SETUP BASED
ON MULTIPACTING
C. Henkel∗ , V. Miltchev and W. Hillert, University Hamburg, Hamburg, Germany
K. Floettmann, Deutsches Elektronen-Synchrotron, Hamburg, Germany
Abstract
A multipacting electron gun (MEG) is a micro-pulse electron source, based on secondary electron emission in a resonant microwave cavity structure, for the generation of low
emittance electron bunches in continuous wave operation.
Based on numerical simulations, an experimental test setup
for low-energy electron beams at 2.998 GHz has been established. In this contribution we show a detailed description
and characterization of the RF test stand, supported by first
results on charge collection measurements of the output current with respect to important operational parameters like
power transmission and modifiable mechanical dimensions
in the assembly of the experiment. This is a milestone in
the development of a MEG setup for higher energetic electron beams and subsequent investigation of essential beam
characteristics like emittance and energy distribution for the
optimization with regard to best possible beam quality and
future fields of application.

particles lead to small bunch sizes of the resulting beam [5].
In order to release electron bunches from the gun cavity, one
partially transparent cathode surface is used for the beam to
pass through.

MEG TEST STAND
The construction of a functional test experiment on
MEGs, following the above-mentioned criteria, is based on
previous design studies [6]. Figure 2 shows a picture of
the current test stand in our laboratory in the Center for
Free–Electron Laser Science at the University of Hamburg.

INTRODUCTION

This is a preprint — the final version is published with IOP

In 1969, W. J. Gallagher [1] proposed to make use of
the naturally unwanted effect of multipacting discharge for
the controllable generation of bunched electron beams. In
stable MEG operation, electrons are resonantly accelerated
towards two opposing cathode surfaces by the TM010 mode
of a radio frequency (RF) field, schematically shown in Fig.1.

Figure 1: MEG principle.
The effect sustains itself by periodically enhanced secondary
emission (SE) every half–cycle of the electric field around
the synchronous phase of the electrons, as described in detail
by Zhou et al [2]. Thereby, a steady state operation can
be achieved, which is a result of cavity loading and space
charge debunching of the electron cloud [3, 4]. Although
space charge forces have an impact on the particle momenta,
a self-bunching effect due to natural phase selection of the
∗
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Figure 2: Picture of the MEG experiment as a whole. 1) RF
Signal Generator; 2) Power Amplifier; 3) Turbo Pump;
4) Oscilloscope; 5) MEG; L1, L2) Linear Translators.

The heart of the experiment is an aluminium cavity, sitting
on top of a linear translator and connected to the vacuum
system. Power is provided by a solid-state amplifier, which
is electrically pin-coupled into the MEG cavity.
The electromechanical conception of this experiment has
been performed using CST microwave studio and includes a
model, that is illustrated in Fig.3.
The cathode tip (dark grey), attached to a linear translator
(L1), is guided into the cavity towards an aperture in the
opposing back plate of the cavity. It is shorted to the walls by
a contact spring. The back plate is fixed and a slit between
the two cavity parts is formed for gas evacuation. Here, the
cavity is electrically closed by a quarter-wave impedance
transformer. A second translator (L2) regulates the distance
between cavity flange and plate. A combination in the adjustment of L1 and L2 is used to tune the resonance frequency,
while maintaining a defined distance d between the cathode
surfaces. This is where the maximum RF field amplitude
builds up, as shown in Fig.3b.
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Abstract
In state of the art photoinjector electron sources, cathode performance determines the lower limit of achievable
beam emittance. Measuring the thermal emittance at the
photocathodes in electron guns is of vital importance for
improving the injectors. Traditional methods, like solenoid
scan, pepper-pot, need multi-shots and are time-consuming,
therefore suffer from machine stability. Here we propose a
new method, named cathode transverse momentum imaging.
By tuning the gun solenoid focusing, the electrons’ transverse momentum at the cathode is imaged to a downstream
screen, which enables a single shot measurement. Several
experiments have been done at the Photo Injector Test Facility at DESY in Zeuthen (PITZ) with a Cs2 Te cathode.
Measurements of cathode transverse momentum, the corresponding spectra, cathode transverse momentum map and
its correlation with surface electric field are presented.

INTRODUCTION

Modern accelerator based light sources require extremely
small beam emittance to reach high brightness and even the
diffraction limit, enabling the exploration of microstructures
at atomic level. Low emittance photoinjector electron source
is one of the essential technologies for light sources like Xray free electron laser. Due to the ongoing optimization of
gun and laser shaping technologies, the thermal emittance of
the cathode dominates the beam emittance [1–3]. Although
the thermal emittance is a critical parameter in photoinjector
optimization, it is not a routinely measured parameter like
gun energy and laser spatial profile in most photoinjectors.
Traditional cathode thermal emittance measurements, like
solenoid scan or quadrupole scan, rely on fitting projected
emittance versus laser beam size and are time consuming,
requiring dedicated beam time and good machine stability. Two new methods have been proposed to measure the
transverse momentum distribution from cathode [4, 5]. The
method in Ref. [5] images the cathode transverse momentum to a focal plane. The method in Ref. [4] does not require
a focusing element, and it approximates a downstream beam
distribution to momentum distribution by a point like laser
spot size at cathode. Both methods are demonstrated in low
voltage low gradient DC guns. In this paper, the method
in Ref. [5] is applied to a high gradient RF photoinjector
TUPTS014
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and allows routine cathode thermal emittance studies under
operation conditions. The simulation proof of the proposed
idea and some experiments carried out at the PITZ beam
line are presented.

BASIC IDEA
The idea of cathode transverse momentum imaging starts
from a common phenomenon in optics beam lines, that is a
convex lens can focus the parallel light into one point at the
focal plane, shown in Fig. 1. Therefore the image at the focal
plane contains the information of the initial direction of light
without the coupling of initial position. As an analogy, the
dynamics of the electron beam without space charge effect
is similar to the optics. The solenoid acts as a convex lens
to the electron beam with a Larmor rotation. In accelerator
language, the imaging condition is met when the first element
in the transport matrix from the cathode to the observation
screen is zero, shown as follows
(

𝑥

𝑝𝑥
𝑚0 𝑐

) = (

0
𝑀21

𝑥0
𝑀12
) ( 𝑝𝑥0
).
𝑀22
𝑚0 𝑐

(1)

Here the matrix works in the Larmor rotation coordinate, decoupling 𝑥 and 𝑦 plane. Under this condition, the electron’s
transverse momentum at the cathode is linearly proportional
to its transverse position on the observation screen. A mathematical expression for calculating the normalized cathode
transverse momentum can be derived as
𝜎𝑝𝑥
𝜎 (𝐿)
𝜀𝑡ℎ
=
= 𝑥
,
𝜎𝑥 (0) 𝑚0 𝑐
𝑀12

(2)

where 𝜀𝑡ℎ is the thermal emittance and 𝜎𝑥 (0) and 𝜎𝑥 (𝐿) are
the root of mean square (rms) spot size at the cathode and
screen, respectively. The term, 𝑀12 , is the second element
on the first line of the transport matrix from cathode to the
screen. In principle, only a single shot is needed once the
imaging condition is found.
It should be noted that the linear correlation between
the transverse momentum and the final transverse position
has been established under this imaging condition. This
relation enables us to obtain the distribution of the emission
electrons’ transverse momentum which can provide us with
more details about the photoemission process and would be
helpful to examine different emission models.
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DESIGN STEPS TOWARDS AN ELECTRON SOURCE FOR ULTRAFAST
ELECTRON DIFFRACTION AT DELTA ∗

D. Krieg† , S. Khan, Center for Synchrotron Radiation, TU Dortmund University, Dortmund, Germany
T. J. Albert, K. Sokolowski-Tinten, University Duisburg-Essen, Duisburg, Germany

Abstract

Ultrafast electron diffraction (UED) is a pump-probe technique to explore the structural dynamics of matter, combining sub-angstrom De-Broglie wavelength of electrons with
femtosecond time resolution. UED experiments require ultrashort laser pulses to pump a sample, electron bunches with
small emittance and ultrashort length to analyze the state of
the sample and excellent control of the delay between them.
Electrons accelerated to a few MeV in a photocathode gun
offer significant advantages compared to keV electrons from
electrostatic electron sources regarding emittance, bunch
length and, due to the reduction of space charge effects,
bunch charge. Furthermore, thicker samples and hence a
wider range of possible materials are enabled by the longer
mean free path of MeV electrons. In this paper, design steps
towards a university-based UED facility with ultrashort and
low-emittance MeV electron bunches are presented, including the transverse and longitudinal focusing schemes, which
minimize space charge effects and nonlinearities.

INTRODUCTION

Ultrafast electron diffraction (UED) is a technique to explore structural dynamics of matter using, for example, the
pump-probe technique with an optical pump and an electron
bunch as probe. The technique has to satisfy the relevant
spatial (< 1 Å) and temporal (< 100 fs) resolution requiring a very high electron beam quality. The study of, e.g.
proteins, calls for a coherence length of about 30 nm. This
translates into a bunch radius of 0.2 mm with a beam divergence of 12.5 µrad [1]. Moreover, short and reproducible
bunch lengths down to some tens of fs are required. Recently,
a design study for a university-based UED facility providing
high-quality electron bunches was initiated in collaboration
with the University Duisburg-Essen and the Center for Synchrotron Radiation of the TU Dortmund University which
also operates the 1.5-GeV synchrotron light source DELTA.
In this paper, the main limiting factors will be explained and
strategies will be presented to minimize them. In addition,
aspects of the radiofrequency (rf) incoupling and the laser
system will be discussed.

BASIC DESIGN

In Fig. 1, a conceptual design of a UED setup is shown.
A laser-excited photocathode is placed inside a 1.5-cell
standing-wave cavity. A bunching cavity is used for longitudinal compression. It is operated off-crest and imprints
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Figure 1: Conceptual UED setup comprising a photocathode
rf gun, a bunching cavity, a target chamber and a detector.
an energy chirp onto the electron distribution such that particles at the tail of the bunch gain a higher velocity than those
at the head. Solenoids compensate the transverse defocusing of both cavities. The electron source is followed by a
target chamber, a detection system and the beam dump. The
two main limitations for ultrashort high-brightness electron
bunches are space charge effects and nonlinearities in the rf
fields.

SPACE CHARGE EFFECTS
The Coulomb repulsion of the electrons enlarges the
bunch in all dimensions in a nonlinear way. The transverse
space charge field scales as Er ∝ r/R2 where r is the radial postion inside the bunch and R is the transverse bunch
size. In longitudinal direction, it scales as Ez ∝ z/L with
z being the longitudinal position with respect to the bunch
center and L being the bunch length. Typically, there are
≈ 106 electrons in a bunch. A high-quality electron bunch
should have a small 6D phase space volume but a small
volume implies increased space charge effects. Minimizing
the rf-induced emittance in the photocathode gun limits the
laser pulse length in practice to approximately 10◦ of the rf
phase [2]. Furthermore, space charge forces are massively
suppressed with increasing electron energy. The transverse
space charge force scales as F⊥ ∝ 1/γ and the longitudinal
force as F∥ ∝ 1/γ 2 with the Lorentz factor γ [3]. Thus,
the electrons have to be rapidly accelerated at the photocathode which requires a high acceleration of the order of
100 MV/m. The space charge effects are illustrated in Fig. 2.
Using ASTRA [4], the acceleration of an electron bunch was
simulated with and without space charge. For simplicity, an
electric DC field was considered to neglect effects like the rf
curvature. For both cases, the 6D phase space volume was
calculated.

NONLINEARITIES OF RF FIELDS
The curvature of the accelerating field [5]
Ez (z, t) = E0 sin(ωt + ϕ) cos(k z z),

(1)

translates into nonlinearities in the longitudinal phase space
distribution of the electrons. Moreover, there is a nonlinear-
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BASIC DESIGN OF THE RF POWER SYSTEM FOR
IRANCYC-10 ACCELERATOR

M. Dehghan†, F. Abbasi, Department of Radiation Application, Shahid Beheshti University, Tehran,
Iran
F. Ghasemi, Department of Physics and Accelerators, Nuclear Science and Technology Research
Institute, Tehran, Iran
H. Azizi, Iranian Light Source Facility (ILSF) Institute for Research in Fundamental Sciences
(IPM), Tehran, Iran
A. Taghibi Khotbeh-Sara, Department of Physics, Khajeh Nasir Toosi University of Technology,
Tehran, Iran
Table 1: Specification of the AVF Cyclotron [1]
Abstract
In this paper the basic design of an RF system to produce
the required power of IRANCYC-10 cyclotron accelerator
is reported. The designed system can generate 15 kW (CW)
power at the operating frequency of 71 MHz. The authors
provide a step-by-step explanation of the process of the design. It is carried out in three sections; (1) RF design features of the accelerator is investigated and power value is
calculated in accordance with the requirements of the cyclotron, (2) choosing of solid state amplifiers as the RF
power source is presented with its available power and
structure, (3) design of RF passive instruments is reported
to transfer and combine the power.
The purpose of the design is to achieve the best performance of the RF system, as well as decreasing overall size
by using modular devices.

INTRODUCTION

The science, technology and research supreme council
of Iran (ATF in Persian language) has programs to design
and fabricate a 10 MeV cyclotron (IranCYC10) to produce
a proton beam for generating radionuclides used in positron emission tomography (PET) scanning, as well as
FDG. The cyclotron consists of cooling, vacuum, magnate,
ion source and RF system. The electromagnetic field produced by both RF and magnet system accelerates the H- for
the appropriate energy level.
The RF system consists of three sections: resonator,
LLRF (low level RF) and amplifier. The amplifier provides
high power RF signals for cavity to increase the Dee voltage up to 50kV to produce an electrical field within the cyclotron.

RF DESIGN FEATURES

The IranCYC10, is an AVF (Azimuthally Varying Field)
cyclotron with straight sectors and 10MeV maximum beam
energy. It must provide 100µA beam current, covering the
medical application. The characteristic parameters of the
cyclotron are given in Table 1 [1].

Parameters
Maximum energy
Beam species
Central field
B-field (max.)
Pole / Extraction radius
Operation frequency
Harmonic number
Number of sectors
Resonance mode
Pole angle
Hill / Valley gap
Ion source
Dee voltage
Dee angle
Maximum beam current
Output RF Power
Power coupling type

Values
10 MeV
Negative Hydrogen
1.18 T
1.85 T
0.45 / 0.39 m
71 MHz
4th
4
𝜆/2
50o
3.48 cm
PIG type
40 kV
42o
100 µA
15 kW
capacitive

AMPLIFIER STAGE DESIGN
Progress in high-power RF transistors has proposed
them as the appropriate replacements of vacuum tube amplifiers. The employment of solid state power amplifiers
offer superior performance, higher reliability, lower
maintenance cost, lower cost of spares and longer operating life. Thus, there is a strong motivation of migrating to
solid-state active devices.
This RF system must provide up to 15kW power at
71MHz. In this design, a 1W signal produced by LLRF is
transfered to a preamplifier to be amplified up to 30W. This
signal goes through a main Amplifier stage, and then
reaches a triode, which amplify RF signal up to 15kW. The
proposed system for RF power for the cyclotron accelerator is described in Fig. 1 [2].
In order to accelerate negative hydrogen particles in the
Dee, at least 11 kW RF power is required. However for
beam stability factor the power must be more than this level
(i.e. 15 kW).

___________________________________________
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A CENTRAL REGION UPGRADE OF THE k800 SUPERCONDUCTING
CYCLOTRON AT INFN-LNS
G. D’Agostino∗ , L. Calabretta, D. Rifuggiato, INFN-LNS, 95123 Catania, Italy
W. Kleeven, IBA, B-1348 Louvain-la-Neuve, Belgium
Abstract
The Superconducting Cyclotron (CS) at INFN-LNS in
Catania is currently under an upgrade process. The plan is to
deliver beams of ions with mass number A ≤ 40 with power
up to 10 kW by means of beam intensity increase. This
ambitious goal can be achieved by increasing the efficiency
of the injection and extraction processes.
An extraction efficiency close to 100% is expected by extracting the specific ion beams from the CS by stripping
and no longer by electrostatic deflectors. The beams are
injected axially and bent onto the median plane with a spiral
inflector. Currently, the injection efficiency is around 15%
including the effect of a drift buncher placed in the axial
injection line. In order to increase the injection efficiency,
the study of an upgraded CS central region is ongoing at
INFN-LNS. In this paper, the results of simulations of beam
tracking through the cyclotron axial bore, the spiral inflector,
the central region and further up to the extraction system are
presented.

INTRODUCTION

This is a preprint — the final version is published with IOP

The Superconducting Cyclotron at INFN-LNS, known
as CS, is a multi-particle variable energy cyclotron able to
deliver a large variety of stable ion beams with energies
ranging from 10 MeV/amu to 80 MeV/amu.
The isochronous magnetic field, varying in the range of
2.2–4.8 T, is produced by the combined contribution of two
superconducting main coils, three fully saturated iron spiralled pole sectors, the yoke and twenty trim coils wound
around each hill. The main cyclotron parameters are listed
in Table 1.
Table 1: Main Parameters of the INFN-LNS Superconducting Cyclotron
Bending limit k B
Focusing limit k F
Centre field [min-max]
Pole radius
No. of sectors
No. of superconducting coils
No. of trim coils
No. of dees
RF frequency range
Harmonics h

800
200
2.2-4.8 T
900 mm
3
2 pairs
20 (for sector)
3 (in valleys)
15 −48 MHz
1, 2, 3, 4 (only 2 used)

The CS has about 25 years track record of producing ion
beams to support the nuclear physics community at INFN∗
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LNS. The ion beams delivered by the cyclotron have allowed
a huge variety of experimental research in the fields of nuclear reaction mechanisms, nuclear structure, nuclear astrophysics, applied physics and also the treatment of ocular
melanoma by proton beam.
Unfortunately, the maximum beam power the CS is able
to deliver does not exceed 100 W, due to beam power lost on
the first of the two electrostatic deflectors that compose the
extraction system. The current extraction efficiency is about
60%. Despite the LNS ion sources are able to deliver beam
current much higher than the present injected current, the
constraint on the maximum beam power extracted prevent
the ion sources to work at the maximum performance.
The future mission of the INFN-LNS is to serve the users
with high intensity beams of the order of 1013 -1014 pps
for systematic studies of nuclear reactions of interest for
the neutrino physics community and for the production
of intense RIBs (Radioactive Ion Beams) by in-flight
fragmentation technique. In more detail, the NUMEN
project [1] at INFN-LNS aims to access quantitative
information relevant for nuclear matrix elements for
neutrino-less double beta decay by means of the study of
heavy-ion induced double charge exchange reactions. A key
aspect of the project is the use of the CS for the acceleration
of the required high intensity (∼1013 -1014 pps), high energy
resolution (∼ 0.1% FWHM) and low emittance heavy ion
beams and of the MAGNEX large acceptance magnetic
spectrometer [2] for the detection of the ejectiles. Moreover,
the improvement of the CS performance, together with
the construction of the new FRAgment In-flight SEparator
(FRAISE) at INFN-LNS [3], will allow to obtain high
intensity beams of ions very far from stability valley.
In order to deliver high intensity beams of ions with mass
number A ≤ 40 and energy higher than 15 MeV/amu, a
highly advanced upgrade plan of the INFN-LNS Superconducting Cyclotron is under way.
The stripping extraction is a valid solution to overcome the
present limitation of the extraction process. According to
data in Ref. [4], for the ion beams and energies required by
the NUMEN and RIBs production projects, the percentage
of ions fully-stripped after the stripping process is higher
than 99%. Consequently, it is foreseen to achieve an
extraction efficiency close to 100%. The implementation
of the stripping extraction is not trivial in the case of the
CS because it has to continue to deliver all the ion beams
currently demanded by the LNS users. More details on this
aspect of the CS upgrade project can be found in Ref. [5].
The use of a stripper foil for the extraction of the ion beams
of interest for NUMEN and RIBs production will allow to
inject in the cyclotron and consequently to deliver beam
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DESIGN OF A FULL C-BAND INJECTOR FOR ULTRA-HIGH
BRIGHTNESS ELECTRON BEAM
D. Alesini, G. Castorina, M. Croia, M. Ferrario, A. Gallo, B. Spataro, C. Vaccarezza, A. Vannozzi,
INFN-LNF, Frascati, Italy
M. Diomede, INFN-LNF, Frascati, Italy and University of Rome “La Sapienza”, Rome,Italy
A. Giribono, F. Cardelli, ENEA, Frascati, Italy
Abstract
High gradient rf photo-injectors have been a key
development to enable several applications of high quality
electron beams. They allow the generation of beams with
very high peak current and low transverse emittance,
satisfying the tight demands for free-electron lasers, energy
recovery linacs, Compton/Thomson sources and highenergy linear colliders. In the paper we present the design
of a new full C-band RF photo-injector recently developed
in the framework of the XLS-Compact Light design study
and of the EuPRAXIA@SPARC_LAB proposal. It allows
to reach extremely good beam performances in terms of
beam emittance (at the level of few hundreds nm), energy
spread and peak current. The photo-injector is based on a
very high gradient (>200 MV/m) ultra-fast (RF pulses
<200 ns) C-band RF gun, followed by two C band TW
structures. Different types of couplers for the 1.6 cell RF
gun have been considered and also a new compact low
pulsed heating coupler working on the TM020 mode on the
full cell has been proposed. In the paper we report the
design criteria of the gun, the powering system, and the
results of the beam dynamics simulations. We also discuss
the case of 1 kHz repetition rate.

INTRODUCTION
RF photo-guns [1] find applications as injectors for FELs,
THz and Compton sources and electron diffraction [2-15]
allowing reaching very high beam brightness. Since the
peak field at the cathode (Ecath) is proportional to the
achievable beam brightness [16], in the last generation of
RF guns a great effort has been put to increase the field
amplitude, and, at the same time, to reduce breakdown rate
probability (BDR) [17]. On the other hand, the possibility
to operate such a gun in the kHz regime is very attractive
for all mentioned applications. Moreover, in the context of
the X-band linacs of the EuPRAXIA@SPARC_LAB
proposal [18] and XLS design study [19] the possibility to
implement a full C-band injector is attractive for both
reachable beam parameters and compactness.
The schematic layout of the full C-band injector we are
proposing is given in Fig. 1. The C-band gun is followed
by two C-band TW structures that we have scaled, to the
first order, by those developed for the SwissFeL [20] and
that can operate with a single klystron and a pulse
compressor at the level of 40 MV/m. The solenoids after
the gun and around the TW structures allow to keep under
control the beam emittance increase also in case of
longitudinal compression by velocity bunching [21].
The correct scaling laws for the cathode field [16], indicate
that, in order to gain in term of emittance and brightness
MC3: Novel Particle Sources and Acceleration Techniques
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one has to scale EcathRF-1. This drives to the conclusion
that, in C-band, if we want to scale the working points of
the S band guns we have to reach a cathode peak field of
240 MV/m. The design of the gun is focused to achieve
such a high gradient keeping under control all known
quantities that drive the breakdown phenomena.

Figure 1: Schematic layout of the C-band injector.
Table 1: Main Parameters of the C-band Gun (the values in
parenthesis are referred to the TM020-type coupler)
Parameter
Resonant frequency
Ecath/Pdiss [MV/(mMW0.5)]
RF input power [MW]
Cathode peak field [MV/m]
Rep. rate [Hz]
Quality factor
Filling time [ns]
Coupling coefficient
RF pulse length [ns]
Mode separation 0- [MHz]
Esurf/Ecath
Pulsed heating [oC]
Average diss. Power [W]

value
5.712
65 (55)
40 (70)
200-240
100-1000
11000 (14000)
150
3
180
90
0.9
<40
200-2000

DESIGN CRITERIA OF THE GUN
In the design of the gun we have considered that,
according to the high gradient test performed on X-band
structures, there are three main quantities that allow to
control and predict, in principle, the final BDR in a
radiofrequency (RF) structure. Such a quantities are: the
peak E field (Ecath), the modified Poynting vector (Sc) [22],
the RF pulse length (tp) and Pulsed Heating (T) [23]. In
particular, if Ecath240 MV/m, tp180 ns, Sc6 W/m2 and
T  40C, the expected BDR is less than 2x10-6 bpp [24].
The two quantities Sc and T can be kept below these
values with a proper design of the cells and couplers, while
short RF pulses can be used if we increase the input peak
TUPTS024
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ARC AND CONVERTOR TRANSIENT STUDIES FOR MULTI-CUSP
CESIATED SURFACE-CONVERSION H- SOURCE AT LANSCE
D. Kleinjan†, Los Alamos National Laboratory, Los Alamos, NM, USA
Abstract
-

The Multi-cusp Cesiated Surface-Conversion H Ion
Source at the Los Alamos Neutron Science Centre
(LANSCE) has provided beam at ~14 mA, 120 Hz, and
10% D.F. for many years of neutron science research. Recently, random high current transients were discovered in
the Arc current used to ionize hydrogen in the LANSCE Hion source, and in the Convertor current used to convert
protons to H- ions. Most have no effect, but more severe
transients can cripple beam output. Hypothesized causes
are related to cesiation effects, plasma potential changes,
tungsten filament evaporation/sputtering, or from the
pulsed power system. A dedicated study was recently done
on the LANSCE H- ion source test stand to determine the
cause of these transients. Current understanding indicates
that the more severe transients come from a combination
of cesiation effects and plasma potential changes. The status of these current transient studies on the LANSCE Hion source will be discussed.

INTRODUCTION
The Los Alamos Neutron Science Centre (LANSCE) Hion beam injector has reliably produced 14 mA of H- ions
at 120 Hz, 10% Duty Factor (D.F), for over 30 years, supporting LANSCE scientific goals [1, 2]. The focus of this
presentation is on the initial H- ion beam injection, which
consists of a Multicusp Cesiated Surface-Conversion Hion source, and an 80 kV extraction column.
Even with several years of reliable operations for
LANSCE scientific needs, only recently has more attention
been given to understanding transient currents in the H- ion

source, which were first discovered when monitoring the
Arc ionization current. While most of these transients have
no direct effect on the stability of beam output for
LANSCE, the more severe transients manifest themselves
in an arc down of the 80 kV extraction column, which inhibits reliable beam output for LANSCE operations.

Basic Ion Source Operation
In order to understand the origin of transients, the basic
ion source operation in absent of such phenomena is explained. Figure 1 shows the basic operation of the H- ion
source:
 Tungsten Cathode Filaments. A 120 Hz, 10%
D.F. (833 µs) Arc pulse is sent on top of 10 V, 100 Amp
DC to ionize H2 that is in the source, which creates a
plasma sustained by a Multicusp magnetic field.
 Surface-Conversion. The Convertor is set to a
negative potential. H+ ions in the plasma are attracted to
Convertor, which is covered in low work function cesium, which surrenders electrons to make H- ions.
 H- Beam. H- ions leaving negatively biased Convertor are focused to the beam exit. There the Repeller
rejects most excess electrons. H- beam and remaining
excess electrons are then extracted by the 80 kV extraction column (not shown).
 Cesium transfer. Transfer tube continuously
supplies cesium from a heated reservoir to replace cesium on Convertor head that is sputtered by cations from
the plasma.

Figure 1: Diagram of H- ion source ideal operation.
___________________________________________
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NEGATIVE ELECTRON AFFINITY GaAs CATHODE ACTIVATION WITH
CsKTe THIN FILM
M. Kuriki∗ , K. Masaki, Hiroshima University, Higashihiroshima, Japan

Negative Electron Affinity (NEA) GaAs cathode is an
unique device which can generate a highly polarized electron beam with circularly polarized light. The NEA surface
is conventionally made by Cs and O/NF3 adsorption on the
cleaned p-doped GaAs crystal, but the robustness of the cathode is very limited, so that the electron emission is easily lost
by residual gas adsorption, ion back-bombardment, etc. To
improve the cathode robustness, NEA activation with a stable thin-film on GaAs surface according to Hetero junction
hypothesis has been proposed by the author. An experiment
of the NEA activation with CsKTe thin film was carried out
at Hiroshima University and a significant electron emission
with 1.43 eV photon was observed which strongly suggested
NEA activation. The cathode showed 16 to 20 times improvement of lifetime comparing to GaAs activated with Cs
and O.

INTRODUCTION

Spin is one of the fundamental quantum number of electron and sensitive to magnetic structure of material. Spin
polarization is then important to define the state in the nuclear and particle physics and observe the magnetic structure
in material sciences. Spin polarized electron beam has important roles in ILC (International Linear Collider) which is
the next project of high energy physics; By suppressing the
background events and improving the effective luminosity,
it increases the sensitivity to new physics. NEA (Negative
Electron Affinity) GaAs photo-cathode has been developed
as a highly spin polarized electron source since 1970’s [1].
The spin polarization is defined as the ratio of the difference
of number of right handed and left handed electrons to the total number of electrons. Although it is limited fundamentally
up to 50% with a bulk GaAs crystal, the strain super-lattice
crystal of GaAs [2] realize 92% polarization by breaking the
degeneration of the valence band. The strain compensated
super-lattice GaAs [3] improves the crystal quality leading
the quantum efficiency 1.6% with 90% polarization.
In contrast to the many improvements of polarization and
quantum efficiency, the robustness of the cathode has been
very limited. The polarized electron emission requires NEA
surface where the conduction band minimum state has higher
energy than the vacuum state, because the electron excited to
the conduction band have almost no momentum. The NEA
surface is made by adsorption of Cs-O/NF3 on a cleaned
GaAs surface and the procedure making NEA surface is
called as activation. In NEA surface, Cs and oxygen or
NF3 are weakly bound on GaAs surface and the electron
∗
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emission is easily lost by residual gas pollution [4], thermal
desorption [5], Ion back bombardment [6].
An exact mechanism of NEA activation with Cs-O/NF3
is not understood, but an hypothesis is electric dipole of
the surface layer decreasing the energy state of vacuum.
A possible NEA activation with CsTe was suggested by
Sugiyama [7]. The author proposed NEA activation of
GaAs with a thin layer of semi-conductor. It is called as
NEA activation with hetero-junction of a thin semiconductor. The first NEA activation based on the hetero-junction
hypothesis was confirmed with CsTe thin layer reported in
Ref. [8, 9] and the lifetime improvement has been demonstrated in Ref. [10]. Figure 1 explains the NEA activation
with the hetero-junction hypothesis. The horizontal axis
shows normal direction of the cathode (z) and the vertical
axis is the energy of states. From the left, the regions are
GaAs, surface thin layer, and vacuum. The horizontal dashed
line shows Fermi level. GaAs has a band gap with EBG and
Fermi level is at the bottom of the band gap in p-doped case.
If the work function of the semiconductor is less than EBG ,
the vacuum level is less energy than the conduction band
minimum of GaAs, i.e. the surface state becomes NEA. The
size of NEA is χ in the figure.

Figure 1: NEA surface state by the hetero-junction hypothesis. The horizontal and vertical axes show the normal direction of the cathode surface and energy state, respectively.
From the left, the regions are GaAs, surface thin layer, and
vacuum. The horizontal dashed line shows Fermi level. If
the work function of the surface thin layer is less than EBG ,
the surface state becomes NEA.
In the following sections, we present the experimental
study of NEA activation of GaAs with CsKTe thin layer.
CsKTe [11] is known as a thin film photo-cathode made by
evaporation as same as Cs2 Te. The study is important to
confirm the hypothesis of NEA activation with the heterojunction.
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PROGRESS OF J-PARC LINAC COMMISSIONING
Y. Liu, M. Otani, T. Miyao, T. Shibata, Z. Fang, K.Futatsukawa, KEK/J-PARC, Japan
T. Ito, T. Morishita, J. Tamura, K. Okabe, K. Moriya, A. Miura, JAEA/J-PARC, Japan
Abstract

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) is a high-intensity proton accelerator facility,
which consists of a Linac, a 3 GeV synchrotron (rapid
cycling synchrotron, RCS), and a main ring synchrotron
(MR).
The J-PARC Linac [1] consists of a 3 MeV RFQ, 50
MeV DTL (Drift Tube Linac), 181/190 MeV SDTL
(Separate-type DTL) and 400 MeV ACS (Annular-ring
Coupled Structure).
The roadmap of J-PARC linac intensity upgrade is as
follows.
•
Energy upgrade from 181MeV to 400MeV in Jan.,
2014, with commissioning of ACS.
•
Intensity upgrade from 30mA to 50mA in Oct. 2014,
operation peak current from 15mA to 30mA.
•
The former upgrades paved the way for 1MW output
from RCS, and equivalent 1MW beam from RCS
was demonstrated in Dec.2014, which is the design
objective of J-PARC.
•
Linac peak current of 40mA were started in user
operation from Jan., 2016.
•
Next steps will be 1.2/1.5MW from RCS, with either
or both of linac peak current upgrade from 50 to
60mA and linac beam pulse width extension from
500 to 600μs.
•
First trial of 60mA beam study in Jul., 2017, with
68mA and 62mA achieved from ion source and
MEBT1, respectively.
•
Second trial of 60mA beam study in Dec., 2017,
with 60mA after DTL without acceleration (3 MeV)
and 57mA/400MeV achieved.
•
Third trial of 60mA study in Jul., 2018, 62mA full
energy beam was achieve in linac.
•
50mA in user operation from Oct. 2018.
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50mA, 600us injection to RCS was achieved in Oct.,
2018, which is corresponding to 1.2MW at RCS full
energy.
•
Fourth trial of 60mA study and injection (500μs) to
RCS in Dec., 2018, also corresponding to 1.2MW.
•
Planned study in Jul., 2019, 60mA/600us trial
injection to RCS (~1.5MW@RCS)
J-PARC will celebrate its 10th anniversary in Sep.,
2019. J-PARC linac is now successfully operated at
50mA/400MeV for 500kW at neutron target, and
promisingly on the way to 1MW. Beam loss at linac
became one of the most crucial issues and the main
challenge on the way of power upgrade.
The main sources of beam loss in J-PARC linac
consists of H+ generated from neutralization in low
energy beam transport from ion source to RFQ,
longitudinal halo from RFQ, emittance growth and halo
formation in MEBT1 due to space charge, aperture
reduction due to deformation by earthquake, gas stripping
of H- to H0 in SDTL, halo due to mismatch in the 7
matching sections, intra-beam stripping (IBSt) [2] effect
of H-.
IBSt is the dominant at J-PARC especially in the
200~400MeV section. Simulation and experiment studies
were carried out since 2013. Recently an IBSt-mitigation
lattice was applied in user operation.
•

After energy and intensity upgrade to 400MeV and
50mA respectively, J-PARC linac were ready for 1 MW
beam power from RCS. J-PARC is now successfully
operated at 50mA/400MeV for 500kW at neutron target,
and on the way to 1MW. The next milestones 1.2 and
1.5MW from RCS are relying on feasibility and property
of increase of peak current to 60 mA and the pulse width
to 600us in linac. Beam studies were carried out at linac
to study the initial beam parameters from ion source/RFQ,
to find the optimized lattice and matching, to clarify beam
loss source and to mitigate the loss/residue dose for the
power upgrade.

60mA STUDY
For the feasibility of 60mA study, the newest measured
beam distribution from J-PARC H- rf ion source [3], as
shown in Fig.1, was used as input of simulation study.
The key points above all are, emittance from RFQ and
aperture of DTL[4].
H

V

Figure 1: A typical distribution for 66 mA from ion source.
It is found that in the typical distribution for 66 mA
beam in J-PARC about 5% of beam could be identified as
“halo”. And for the 95% “core” of the beam rms
emittance is about 30% larger than that of 40mA beam in
operation. In other word, 60 mA beam is a “new beam”
MC4: Hadron Accelerators
A17 High Intensity Accelerators

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS028

EXTRACTION SYSTEM OF UPGRADED AVF CYCLOTRON OF RCNP
M. Nakao*, M. Fukuda, S. Hara, T. Hara, K. Hatanaka, K. Kamakura, H. Kanda, H. W. Koay,
S. Morinobu, Y. Morita, K. Nagayama, T. Saito, K. Takeda, H. Tamura, Y. Yasuda, T. Yorita
Research Center for Nuclear Physics, Osaka University, Osaka, Japan
Abstract
At the Research Center for Nuclear Physics (RCNP) of
Osaka University, the demand for both high-intensity and
high-quality beam has been increasing. New injection, acceleration, and extraction system of the AVF cyclotron are
under development to meet the demand. Extraction system
was designed to increase the extraction efficiency since
beam loss at electrodes or apertures makes unacceptable
radio activation of apparatus when the beam intensity increased. Simulation study confirmed that 10 MeV protons,
65 MeV protons and 140 MeV 4He2+ particles with emittance of 2 mm × 3 mrad can pass through the newly designed extraction system and the existing beam transport
line.

This is a preprint — the final version is published with IOP

INTRODUCTION
The AVF cyclotron of RCNP has been utilized for the
purposes of fundamental research in physics, production of
nuclear medicine, industrial applications such as soft error
measurement, as well as for an injector to the K400 ring
cyclotron. To increase beam intensity and beam quality,
improvement of the AVF cyclotron described are being carried out as follows.
 To increase energy gain for larger turn separation, a
single 180° dee electrode system will be replaced with
two 87° dee system.
 Maximum injection voltage will be increased to 50
keV from 15 keV. It makes beam emittance smaller,
though the new Low Energy Beam Transport (LEBT)
and injection system are required.
 To reduce costs and time of improvement, the pole,
the yoke, and the extracting beamline are unchanged.
We will especially report on the extraction system here.
Since the yoke and extracting beamline are kept in the current condition, the position of two dees is determined as
shown in Fig. 1(b). Because the extracted beam from AVF
cyclotron must go to the center in the first bending magnet
of beamline, the deflector’s position is also determined.
The beam which passes through the deflector comes into
the dee and exit from dee’s base and goes toward the extracting beamline. Such beam passes through the fringe of
the cyclotron main magnetic field; whose large field gradient causes horizontally defocus effect. In order to suppress
such an effect, we utilized doublet Q like gradient corrector
system. One gradient corrector, which is newly developed,
focuses horizontally while the other defocuses horizontally. The efficiency of deflector must be increased as much
as possible to reduce beam loss that causes activation of
____________________________________________
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apparatus. Although an extraction system of an AVF cyclotron has usually electrostatic deflector and magnetic channel for extracting the beam [1,2]. Such magnetic channels
are installed to the hill region after the deflector electrodes
and reducing the magnetic field increases the radius of the
extracting beam. Since the AVF cyclotron of RCNP has
three sectors, the deflector electrode can be installed in the
valley region. Therefore, our new design need not to have
magnetic channel at the hill region where has high magnetic field. The deflector system has an adjustment system
of the position and the gap width, which is changed according to the beam species and energy.
Beam simulation has been performed by utilizing SNOP
[3,4] and OPAL [5] codes. The magnetic fields used in
these simulations are calculated with OPERA-3d [6] using
magnet pole and coil design data. Calculated and measured
average field data in the median plane agree within 0.5%
in the almost area except central region.

NEW EXTRACTION SYSTEM

Bending magnet

Gradient corrector
Magnetic channel
Electrostatic
Deflector 2
Electrostatic
Deflector 1

(a)
Gradient corrector 2
(existing)
Gradient corrector 1
(new)

Electrostatic
Deflector (new)

Electrode bending
point

(b)
Figure 1: Schematic drawing of a) existing and b) new extraction system of the AVF cyclotron at RCNP.
Existing extraction system of the AVF cyclotron consists
of two 60° electrostatic deflectors, passive magnetic channel and gradient corrector (Fig. 1a) [7,8]. We have designed
TUPTS028
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THE NEW EDDY CURRENT TYPE SEPTUM MAGNETS FOR
UPGRADING OF FAST EXTRACTION IN MAIN RING OF J-PARC
T. Shibata∗ , K. Ishii, T. Sugimoto, H. Matsumoto, KEK, Tsukuba, Japan
K. Fan, HUST, Wuhan, China
K. Hamano, Nichicon Kusatsu Corp, Shiga, Japan
Abstract
The J-PARC Main Ring (MR) is currently working on upgrading the machine power reach to 750 kW by increasing
the beam repetition rate from 0.4 Hz to 0.78 Hz. This new
operation mode is referred as "1 Hz" operation. The Fast
eXtraction (FX) system in MR needs to upgrade to realize 1 Hz operation, and the improvement will be completed
in 2021. The present FX Low-Field Septa (FX LF-Septa)
which are conventional ones will be replaced with the new
septa which is induced eddy current type (FX Eddy-Septa).
The first FX Eddy-Septa system, which included the magnets and short pulse power supply (PS), was constructed in
2014. We have been studying the FX Eddy-Septa system to
evaluate the stability of the output pulsed current and magnetic gap field since 2014. In winter of 2018, the 1 Hz operation test by using the two Main-chargers was conducted
without any problem. The stability of the output pulsed current was 10 ppm. The leakage field was measured along the
circulating beam line, and we found that the level of leakage
field was still larger than our requirement. The PS has still
several issues which must be solved. The switching time of
the Main-charger to the Sub-charger must be reduced, the
jitter of time lag between two discharge triggers must be
eliminated, and the disagreement between the two current
monitor systems must be solved.

This is a preprint — the final version is published with IOP

INTRODUCTION
The J-PARC Main Ring (MR) is being upgraded to increase its proton beam power for T2K experiment to design
value of 750 kW by increasing the repetition rate of beam
operation from present 0.4 Hz to 0.78 Hz [1]. The new operation mode is referred as "1 Hz operation". We are upgrading the injection system and Fast eXtraction (FX) system of
MR for 1 Hz operation [2–5], and the improvement will
be completed in 2021. The FX system is used for extracting the beam to the neutrino facility or beam abort dump. It
consists of five kicker magnets, Low-Field Septum magnets
(LF-Septa) and high-field Septum magnets [6]. The present
LF FX-Septa will be replaced with new septa system which
includes the septa and their power supply (PS). The present
septa are conventional ones, on the other hand the new septa
are induced eddy current type (FX Eddy-Septa) [7]. The
first Eddy-Septa and new PS were constructed in 2014, then
we have been evaluating the quality of the PS and the magnetic field. The new PS consists of two Main-chargers and
a Sub-charger of which the maximum output of one unit is
∗

respectively 6.6 kV×5 A and 6.0 kV×0.15 A, a Capacitorbank (C-bank) of which the total capacitance of the two
parallel capacitors is 875 uF, a Switch-bank and a Surgeabsorber [5]. The maximum output pulse is 6.6 kV×22 kA,
and normal output for beam operation will be 3 kV×11 kA.
The output pulsed current consists of fundamental and 3rd
harmonic sinusoidal wave, and the pulse width and flat top
width of the composite wave is respectively ∼800 us and
∼10 us. The reproducibility of the peak current pulse by
pulse achieved 10 ppm [5]. The magnetic gap field and
the field integral, when the output pulsed current was 9 kA,
were respectively 0.3 T and 0.47 T·m, which they satisfied
our requirement. This paper describes the new results of the
1 Hz operation test and measurement of leakage field along
the circulating beam line, and several pending technical issues.

THE 1.0 HZ OPERATION
Since the maximum repetition period of the operation
was 2.48 s until summer of 2018, only one Main-charger
was used. In order to increase the repetition rate of the operation, the speed of charging to the C-bank is needed to
increase. The charging current is proportional to the speed
of charging. For instance, when the charging voltage is 3 kV
and its rise time is 0.3 s, the charging current is 8.75 A. It is
higher than maximum output current of one Main-charger.
Therefore, the two Main-chargers were used for 1.0 Hz operation of the PS in Nov. 2018. The repetition rates of
the operations were 0.40 Hz, 0.86 Hz and 1.00 Hz. The
charging voltage was 3 kV. All operations were continued
for ∼6 hours without any problem, furthermore the average
value of the peak current was able to be kept constant. The
reproducibility, of which the definition is r.m.s/average, of
the peak current pulse by pulse was also evaluated. The all
reproducibilities were 10 ppm. The operation conditions
and the results are summarized in Tab. 1.
Table 1: The Operation Condition and Results of the Operations.
Rate [Hz]
0.40
0.86
1.00

rise time [s]
0.6
0.3
0.3

peak current
(average) [A]
9224.97
9224.97
9224.97

r.m.s./ave.
[ppm]
10.3
10.1
10.1
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THE NEW HIGH FIELD SEPTUM MAGNETS FOR UPGRADING OF
FAST EXTRACTION IN MAIN RING OF J-PARC
T. Shibata∗ , K. Ishii, T. Sugimoto, H. Matsumoto, KEK, Tsukuba, Japan
K. Fan1 , HUST, Wuhan, China
Abstract
The J-PARC Main Ring (MR) is currently working on
improved beam power to 750 kW by shorting the beam operation cycle from 2.48 s to 1.3 s. We will complete the upgrade
of the four high-field septum magnets (HF FX-Septa) which
are used in the fast extraction in 2021. The present power
supplies (PS) will be reused at that time. The new three
HF FX-Septa were produced in 2015. In autumn of 2018,
we conducted the first operation test of the one of the HF
FX-Septa with the present PS. To begin with, we tested high
repetition rate operation of which the minimum cycle was
1.16 s, and we had no trouble. Then, we measured the magnetic gap fields along the extraction lines and the leakage
field along the circulating line. Regarding the magnetic
gap field, it had good linearity with the output current, and
the field integral satisfied the expected value. However, we
found the discrepancy of 0.4% between the neutrino extraction and abort extraction. The leakage field and its field
integral were small at the center of circulating line. However, the end fringe field was large. Furthermore, we found
the asymmetric field along the transverse direction. In order
to solve these issues, more precise approach is needed.

INTRODUCTION

Figure 1: The photographs of the new HF FX-Septa.
At J-PARC Main Ring (MR), we are working on improved
proton beam power with energy of 30 GeV for the T2K ex∗
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periment from present 500 kW to 750 kW. In order to realize
the higher power, the cycle of beam operation must be shortened from present 2.48 s to 1.3 s [1]. Furthermore, it must
be shortened to 1.16 s for 1.3 MW high power beam. The
injection and Fast-eXtraction (FX) systems of MR is being
upgraded for 1.3 MW [2–4]. The present FX system is
used for extracting the beam to the neutrino facility (NU) or
beam abort dump (ABT). It consists of five kicker magnets,
two low-field septum magnets, and four High-Field Septum
magnets (HF FX-Septa) of which their magnetic gap field
are ∼1 T [5]. We have a plan to replace the present HF
FX-Septa with new magnets by the following reasons. First,
the total length of the HF FX-Septa must be decreased due
to 500 mm increase of the magnet length of a defocusing
quadrupole at upstream of the HF FX-Septa [6]. Second, the
extraction beam ducts of stainless steel must be changed to
ceramics duct to suppress the eddy current which is induced
on the surface of conductive duct by pulsed magnetic field.
In such case, the thickness of the ceramics beam duct must
be thick enough to keep its strength, thus the air gap must be
expanded to keep physical aperture as same as present one.
Third, we must increase the physical aperture and change
the circulating beam duct of stainless steel to titanium duct
to reduce the level of the radioactivation due to beam loss
of high intensity beam halo. For these reasons, we decided
to replace the HF FX-Septa with new magnets. The four HF
FX-Septa are called SM30, SM31, SM32, SM33 from upstream [5], and the SM30, SM31 and SM32 will be replaced
in 2021. The SM33 will not be replaced because the new
SM33 is able to be constructed by utilization of the present
SM33 and SM32 which will be removed in 2021. The length
of magnetic core of the SM31 and SM32 were decreased
significantly. However, since we need to keep their total field
integral (BL) same as the present 6.55 T·m, the BL of each
new septum except SM32 must to be larger than present one.
Thus, their output current also must be higher than present
one 1 . The present power supplies (PS) will be reused even
for new the HF FX-Septa because their maximum rated
current satisfies required high current. Installation of the
new HF FX-Septa in MR will be completed in 2021. The
three new HF FX-Septa were produced in 2015 (Fig. 1), and
the specification and parameters for beam operation of the
present and new HF FX-Septa are summarized in Tab. 1.
We focus on the new SM30 in this paper. The present and
new SM30 are bipolar septum with one magnetic core which
generate two magnetic field of opposite direction for the NU
and ABT extraction, and a circulating line is located between
1

The output current of the new SM32 must be also higher than present one,
however its BL is shorter than present one due to the length of magnetic
core is 37 % shorter.
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RADIATION DESIGN OF NEW 30 kW BEAM DUMP OF
J-PARC MAIN RING
M. J. Shirakata, H. Kuboki, J. Takano, KEK/J-PARC, Tokai, Japan
Abstract

BEAM DUMP

The J-PARC Main Ring (MR) has a beam dump for the
beam study and beam abort. Its present capacity is 7.5 kW
in one hour average which is limited by temperature rise
of iron shield, and radiation condition for the environments. The number of protons in one MR cycle is
2.6×1014 in recent days, which corresponds to the beam
power of 500 kW. As the top energy of J-PARC MR is 30
GeV, the number of available beam shots is restricted to
less than twenty in one hour with such an intense beam. It
imposes a big limitation on high power beam tuning and
study. The number of protons is expected to become
3.3×1014 for MW operation. Hence, an upgrade of the
beam dump from 7.5 kW to 30 kW is planned. The
backscattered neutron flux should be examined in the
accelerator tunnel. The new dump design on radiation
matters is described in this paper.

INTRODUCTION
The J-PARC Main Ring (MR) is a slow cycling proton
synchrotron with a period of 2.48 seconds or 5.20 seconds
in the J-PARC complex. It has three straight sections for
beam injection, slow extraction for the hadron experiment, and fast extraction for the neutrino experiment as
shown in Fig. 1. There is an abort beam dump for the
beam tuning and study in the fast extraction straight on
the other side of the neutrino beam line. The capacity of
the present beam dump is 7.5 kW [1]. Due to the increment of beam power, the dump capacity restricts the
available number of shots per one hour. This limitation is
thought to be a problem for high power beam tuning and
study beyond the designed beam power of 750 kW. The
capacity of the beam dump should be upgraded to the
three times larger or higher. The 30 kW beam dump upgrade is planned.

The structure of the current beam dump is simple because the number of protons to be dumped was estimated
to be less than one percent of the full beam power in the
first design. However, the expected beam power of MR
has updated from 750 kW to 1.3 MW. The top energy has
changed from 50 GeV to 30 GeV. As the result, the required number of protons in circulating beam increased.
The maximum number of protons is determined to be
3.3×1014 as eight bunches in one MR cycle.

Present Beam Dump
The present beam dump is embedded in a two meters
thick concrete wall and 20 meters far away from the MR
beam line as shown in Fig. 2. The beam dump consists of
a five meters long vacuum pipe made of SUS316L, iron
shield blocks, and concrete structures. The inner diameter
of vacuum pipe is 73.8 cm and whose thickness is 12 mm
which ends with a stainless steel plate of 3.0 cm thick.
The iron shield is a rectangular parallelepiped with a 3.3
m squared surface and a 6 m length. There is a square
hole of 18 cm squared and 2.5 m depth at the center of it
for the vacuum pipe.

Figure 2: Present beam dump and its structure.

Base Design

Figure 1: Layout of the J-PARC Main Ring.
MC4: Hadron Accelerators
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For an upgrade of the beam dump capacity, a kind of
beam absorber with some cooling system has to be installed. It is difficult to reconstruct the present beam
dump, for example, drilling a hole in the concrete wall.
The end of the vacuum pipe in the beam abort line is
called as “abort-end.” There is just a vacuum space, currently. To accept the 30 kW beam power, the dump core
method with cooling fins is planned to be adopted referTUPTS032
2005

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS033

J-PARC RCS: HIGH-ORDER FIELD COMPONENTS INHERENT IN THE
INJECTION BUMP MAGNETS AND THEIR EFFECTS ON THE
CIRCULATING BEAM DURING MULTI-TURN INJECTION
H. Hotchi#, H. Harada, and T. Takayanagi
J-PARC Center, Japan Atomic Energy Agency, Tokai, Naka, Ibaraki, 319-1195 Japan
Abstract
We investigated the cause of residual beam loss during
multi-turn injection of the J-PARC 3-GeV rapid cycling
synchrotron (RCS). In the RCS, four sets of injection bump
magnets (dipole magnets) are employed for multi-turn
injection. Numerical simulations considering the actual
magnetic field profiles of the injection bump magnets well
reproduced empirical beam loss, and pointed that a 3rdorder random betatron resonance driven by a sextupole
field component inherent in the injection bump magnets is
the major source of the beam loss. In this paper, we
describe the detailed mechanism of emittance growth and
beam loss caused by such a high-order field component of
the injection bump magnets including their correction
scenario.

of 3, have a significant influence on the circulating beam
during multi-turn injection via the excitation of high-order
random betatron resonances.
In this paper, we discuss the detailed mechanism of beam
loss during multi-turn injection, which originates from the
high-order field components inherent in the injection bump
magnets, and its correction scenario, making use of
numerical simulations.

This is a preprint — the final version is published with IOP

INTRODUCTION
The J-PARC 3-GeV rapid cycling synchrotron (RCS) is
the world’s highest class of a high-power pulsed proton
driver aiming for a 1-MW beam power [1-3].
A 400-MeV H− beam from the linac is multi-turn chargeexchange injected to the RCS through a carbon foil over a
period of 0.5 ms. The RCS accelerates the injected protons
up to 3 GeV with a repetition rate of 25 Hz, providing the
high-power beam both to the materials and life science
experimental facility (MLF) and the main ring (MR) while
switching the beam destination pulse by pulse.
Although the routine RCS beam power is now limited to
500 kW owing to a malfunction of the neutron production
target at the MLF, the RCS itself has successfully achieved
a 1-MW beam operation with a very fractional beam loss
of ~0.25% [3]. The remaining beam loss, which was
observed around the injection energy, corresponds to ~333
W. Most of the beam loss was well localized at the
collimator section; besides the beam loss power was
sufficiently small compared to the capability of the beam
collimator system (4 kW). The present situation of beam
loss is estimated to be acceptable enough for realizing a
routine 1-MW beam operation, but we still have been
continuing beam studies aiming for the ultimate beam loss
minimization, and also in view of the further beam power
ramp-up going beyond 1 MW in the future.
As to the residual beam loss, numerical simulations
identified the source; a major part of the residual beam loss
comes from high-order field components inherent in four
sets of injection bump magnets (pulsed dipole magnets)
which are employed for multi-turn injection. The highorder field components, which exist locally in the injection
bump magnets not following the RCS’s super-periodicity
___________________________________________

Figure 1: Schematic of the RCS injection section.

Figure 2: Results of the magnetic field measurements for
the SB1-4; ∫ By /Bρ ds vs. x at y=0.

HIGH-ORDER FIELD COMPONENTS
INHERENT IN THE INJECTION BUMP
MAGNETS
In the RCS, four sets of same-type pulsed dipole magnets
(SB1-4) are utilized for forming an injection orbit bump of
Δx=101 mm [4], as shown in Fig. 1; they are excited over
0.5 ms (307 turns) during multi-turn injection, and then
sharply turned down within 0.35 ms. In this section, the
high-order field components inherent in the SBs are
discussed with their empirical magnetic field data.
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DEVELOPMENT OF LOW INDUCTANCE CIRCUIT FOR RADIALLY
SYMMETRIC CIRCUIT
T. Takayanagi†, T. Ueno, K. Horino, J-PARC/JAEA, 319-1195, Tokai, Ibaraki, Japan
Abstract
The switch of the radially-symmetric circuit using semiconductors of SiC-MOSFET, which is one of the next-generation semiconductors, consists of a circuit in which many
semiconductor switches are arrayed in parallel. Since all
parallel circuits are equal in length, distortion due to timing
jitter or impedance difference does not occur on principle
in the merged output waveform. This circuit is useful for
outputting an ultrashort pulse waveform. Therefore, we
have developed a circuit board that achieves even lower inductance of the power transmission circuit by making a
double ring structure equivalent to a coaxial shape. We
compare the results of calculation, analysis and measurement, and the superiority of the developed coaxial-type is
presented here.

CIRCUIT PATH DESIGN
The test circuit board of the radially-symmetrical switch
is composed of 8 parallel circuits [4]. In the case of
outputting a higher voltage, the output voltage can be
increased by stacking the circuit boards in multiple stages
in series. In this test, two circuit boards with 800 V output
per circuit board are stacked. A conceptual diagram of the
board is shown in Fig. 1.

This is a preprint — the final version is published with IOP

INTRODUCTION
As a high-speed switch for high current and high voltage,
many apparatuses adopt a thyratron switch [1]. The thyratron is the only device capable of switching a high current
of multi-kiloampere in nanoseconds. However, since the
thyratron is a discharge tube type, it requires several days
of conditioning before it is used in operation in order to
stabilize the internal plasma state. In addition, an unstable
state in which the jitter becomes large may occur suddenly,
or an event of sudden end of life may sometimes occur.
High-intensity proton beam accelerators such as J-PARC
[2] require a kicker system [3] that excites a high-current,
high-voltage output with an ultrashort pulse in order to extract a fast accelerated high-intensity beam. And, the current kicker system uses the thyratron. High speed switches
require high performance with stable repeatability and setting accuracy. Therefore, we have developed a radially
symmetric modular switch using SiC-MOSFET [4], which
is one of the next generation semiconductors. The radiallysymmetrical switch is composed of a parallel circuit in
which many semiconductor switches are radially aligned in
order to output a high current. The length of each parallel
circuit is equal, and as a result, no jitter of operation timing
or a difference in circuit impedance occurs, so it was confirmed by a test that distortion is not generated as compared
with an output waveform by a general line-symmetrical circuit.
In order to put this radially-symmetrical switch into
practical use as an alternative to thyratron switches, we
proposed a structure to realize further reduction of the
transmission line impedance. And the effectiveness was
confirmed in the demonstration test using test circuit
boards.

___________________________________________
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Figure 1: Conceptual diagram of the radially-symmetrical
switch board.

Basic Structure
The current path between the stacked circuit boards is
formed by connecting the 8 output (P) terminals using the
cylindrical spacer screws as in the case of the LTD circuit
[5]. This structure of the current path is called a “columntype” in this paper. A 6 mm diameter spacer screw is placed
on a 40 mm diameter circle. There is a 28 mm round hole
in the center of the board, and an output (N) terminal using
a 20 mm diameter rod is inserted to form a current path for
the return current. The picture of the column-type board is
shown in Fig. 2.

Figure 2: Picture of the column-type path.

Improved Current Path Structure
Instead of the spacer screws, a cylindrical copper ring is
used as current path between stacked circuit boards. The
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VACUUM TUBE OPERATION ANALYSIS FOR 1.2 MW BEAM
ACCELERATION IN J-PARC RCS
M. Yamamoto∗ , M. Nomura, T. Shimada, F. Tamura
Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, JAPAN
M. Furusawa, K. Hara, K. Hasegawa, C. Ohmori, Y. Sugiyama, M. Yoshii
KEK, Tsukuba, Ibaraki 305-0801, JAPAN

The J-PARC RCS has successfully accelerated 1 MW
proton beam, matching the designed beam power. Therefore,
we have considered acceleration beyond the designed beam
power, with the next target being 1.2 MW.
An issue for 1.2 MW beam acceleration is the rf system.
The present anode power supply is limited by its output
current, and the vacuum tube ampliﬁer suﬀers from an unbalance of the anode voltage swing, arising from the combination of multi-harmonic rf driving and push-pull operation.
We have investigated the mitigation of the maximum anode currents and unbalanced tubes by choosing appropriate
circuit parameters of the rf cavity with tube ampliﬁer. We
describe the analysis results of the vacuum tube operation
for 1.2 MW beam acceleration in the RCS.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) Rapid Cycling Synchrotron (RCS) has successfully
accelerated a 1 MW equivalent beam without signiﬁcant
beam loss [1]. The RCS provides the proton beam to the
Material and Life science Facility (MLF) and the Main Ring
(MR). At present, a beam power of 500 kW has been achieved
for the MLF user operation and it should be increased up to
1 MW.
It is important to note that a part of the beam from the
RCS is also delivered to the MR, which must be accounted
for when considering the power for the MLF. A plan to
reduce the repetition period of the MR is underway and it
is ﬁnally down to 1.16 s [2], whereas it is 2.48 s at present.
The RCS has to accelerate at least a 1.16 MW equivalent
beam to ensure that an average beam power of 1 MW reaches
the MLF; thus, we set a target beam power of the RCS at
1.2 MW.
The beam commissioning and the particle tracking simulation suggest that the present RCS lattice can accelerate
beyond 1 MW beam with an acceptable level of beam loss [3].
However, the output current of the anode power supply on
the rf system has almost reached the limit for the 1 MW
beam. Figure 1 shows the measured output current of the
anode power supply depending on the beam power.
The output current depends on the resonant frequency
of the rf cavity, and the red circles indicate the data from
the present cavity with a resonant frequency of 1.7 MHz.
The output current can be reduced by shifting to a higher
∗
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resonant frequency. The blue squares indicate the case at
2.1 MHz, which suggests that the anode power supply can
provide enough current even for a 1.2 MW beam.

Anode power supply current (A)

Abstract

200

150

Output current limit

100

50

0
0

fr=1.7 MHz
fr=2.1 MHz
500
1000
Beam power (kW)

Figure 1: Measurement results for the output current of the
anode power supply depending on the beam power. The
red circles and blue squares indicate the cavity resonant
frequencies of 1.7 MHz and 2.1 MHz, respectively.
However, a vacuum tube operation analysis [4] suggested
that the tubes suﬀer from a severe unbalance of the anode
voltage swing caused by the multi-harmonic rf driving under
the push-pull operation of the vacuum tube ampliﬁer [5]. The
large anode voltage swing induces a screen grid overcurrent
at the Tetrode tubes; therefore, such a tube operation should
be forbidden. This means that the vacuum tubes can not
drive the cavity even though the anode power supply provides
enough current to the tubes.
Although an intrinsic solution to avoid the unbalance is
to replace the present push-pull cavity with a single-ended
one [5], this takes a long time. Hence, we investigated how
to relieve the unbalance by choosing appropriate circuit parameters for the present cavity with tube ampliﬁer.

ANALYSIS RESULTS
Figure 2 shows a schematic view of the rf cavity with tube
ampliﬁer. There are three acceleration gaps and three magnetic alloy cores that are loaded upstream and downstream
of each gap. To adjust the resonant frequency and Q-value,
a parallel inductor [6] and a gap capacitor are installed. The
inductor has a value of 21.5 μH. When a 200 pF capacitor
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OPERATION STATUS OF J-PARC RAPID CYCLING SYNCHROTRON
K. Yamamoto†, J. Kamiya, Accelerator Division, J-PARC Center, Japan Atomic Energy Agency
(JAEA), Tokai-mura, Japan

Abstract
The 3 GeV rapid cycling synchrotron (RCS) at the Japan
Proton Accelerator Research Complex (J-PARC) provides
more than 500 kW beams to the Material and Life Science
Experimental Facility and Main Ring synchrotron. In such
a high-intensity hadron accelerator, even losing less than
0.1% of the beam can cause many problems. Such lost protons can cause serious radio-activation and accelerator
component malfunctions. Therefore, we have conducted a
beam study to achieve high-power operation with less loss.
In addition, we have also maintained the accelerator components to enable stable operation. This paper reports the
status of the J-PARC RCS over the last japan fiscal year.

INTRODUCTION

The Japan Proton Accelerator Research Complex
(J-PARC) aims to deliver very high intense proton beams
for the various physics programs. Among them the 3 GeV
rapid cycling synchrotron (RCS) was constructed to supply 1 MW, high-power proton beams to the Main Ring
(MR) synchrotron and Material and Life Science Experimental Facility (MLF) [1].
In proton accelerators, the most important issue is radioactivation caused by beam loss. High beam losses increase
the failure rates of accelerator components and worker radiation doses during maintenance work. Therefore, the output beam power has to be limited to keep the exposure dose
for the workers by the residual dose within acceptable levels. To keep such a condition, it is necessary to reduce beam
losses.
We have thus continued the beam study and the hardware improvements to reduce beam losses. Now the RCS
beam power for neutron targets is 500 kW. On the other
hand, the RCS simultaneously delivers the proton beam to
the MR, and since this requires the beam with smaller emittance than the MLF, we have continued to investigate beam
conditions that are suitable for both facilities. We are continuing the beam study, improvement and development of
the accelerator components to achieve much higher capability and stability.

difficult to produce the HBC foil in KEK anymore. Therefor the foil deposition system in KEK was moved to
J-PARC site to continue the HBC foil production. By using
this system, we started research and development to produce more robust foil.
With some trial-and-errors, we produced new HBC foil.
The performance of the new HBC foil was evaluated by
using the heavy ion beam facilities in Takasaki Advanced
Radiation Research Institute of National Institute for Quantum and Radiological Science and Technology before installing in the RCS. The test result indicated that the new
HBC foil would be durable as almost same as the original
KEK HBC foil. Finally, one new foil was tested during
10-day user operation on June 2018[3], and it endured during this period. As a result, we have been using this new
HBC foil from October for full user operation. Figure 1
shows the new HBC foil before and after 2-month operation.

IMPROVEMENTS OF ACCELERATOR
COMPONENTS IN RCS

Foil Production
In J-PARC RCS, The Hybrid type thick Boron-doped
Carbon (HBC) foil[2] was used for charge exchange injection. It had been produced in KEK laboratory since the beginning of RCS commissioning. However, due to retirement of the expert of the HBC foil production, it became

Figure 1: The new HBC foil before (upper) and after 2month operation (lower).
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THE OPERATION STATUS OF CSNS FRONT END*
H. F. Ouyang†, X. Cao, W. Chen, T. Huang, H. Li, S. Liu, Y. Lv, Y. Xiao, K. Xue, R. Zhu, Y. AN
China Spallation Neutron Source (CSNS), Institute of High Energy Physics (IHEP), Chinese
Academy of Sciences (CAS), 523803 Dongguan, China

Abstract
China spallation neutron source (CSNS), as the China's
first 100 kW beam power pulsed neutron source, its operation target beam power is now larger than 50 kW. During the beam power upgrading process of CSNS to 50 kW
from 2018 to 2019, many improvements have been made
for the front end of CSNS. The improvements mainly
focus on solving the problems of ion source instability
and the radio frequncy quadrupole (RFQ) sparking caused
by the pre-chopped beam into RFQ.

INTROUCTION

The China Spallation Neutron Source (CSNS) is an accelerator-based high power project with multipurpose
currently under operation with a 50 kW target beam power. The accelerator complex consists of an 81 MeV Hlinear accelerator as the injector and a 1.6 GeV rapid
cycling proton synchrotron (RCS). The linear accelerator
consists of a 50 keV H- Penning surface plasma ion
source (IS), a low energy beam transport line (LEBT), a
3.0 MeV RFQ accelerator, a medium energy beam
transport line (MEBT), a 81 MeV drift tube linear accelerator (DTL) and a high energy beam transport line
(HEBT).
The front end means the front part of linac that includes
IS, LEBT, RFQ and MEBT. As the start point of CSNS,
the condition of front end is one of key factors which
influence the stable operation of CSNS. Based on the
beam requirement of CSNS phase I, the front end should
provide a stable H- beam with energy of 3.0 MeV, a maximum pulsed peak current up to 15 mA, a beam duty
factor 1.0% at a repetition of 25 Hz and beam pulse width
of 400 us before chopping. The installation of CSNS front
end was completed in 2015. Although the front end meets
the beam requirement of CSNS phase I, the stability of
the front end is not satisfactory during beam commissioning. The instability mainly comes from the ion source and
RFQ sparking. Through the past 4 years commissioning
and improvements, now the stability and availability of
CSNS front end at routine operation was highly improved.

PENNING IS

The main design parameters of Penning IS for CSNS
phase I are listed in Table 1.
During the last 4 years commissioning and operation of
CSNS, there are in total used about 26 sets of ion source
discharge chamber. In general, for each set of discharge

*Work supported by NSFS through grant No. 11875271.
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chamber, the ion source can produce up to 50mA H- ion
beam with a beam duty factor about 1.25% (500 us &
25 Hz) and a normalized rms. emittance about
0.8π mm∙mrad. Although the emittance is much larger
than the acceptance of RFQ (0.2π mm∙mrad), the H- ion
beam current is still larger than 20 mA within the acceptance of RFQ, which satisfies the current requirement
of CSNS phase I. For present 50 kW beam power operation, a routine beam current from ion source of about
30 mA is enough. The average expected lifetime of CSNS
IS, mainly limited by the discharge chamber, is about 1
month, which satisfies the requirement of CSNS phase I.
The longest operation time for one of the 26 discharge
chambers is near to 50 days.
Table 1: Main Design Parameters of IS for CSNS Phase I
Parameter
Value
Ion source
HOutput Energy (keV)
50
Output Current (mA)
>20
Emittance 𝜀 ,
(π mm ∙ mrad)
<0.20
Repetition Rate (Hz)
25
Beam Duty Factor (%)
1.3
Lifetime (month)
>1
Since the ion source was installed in Oct. 2014, many
improvements have been made for the ion source. Firstly,
the electric Penning magnet, which is integrated with the
bending magnet before, was replaced by an independent
permanent magnet. Since it has the same electric potential
as the discharge chamber, the sparking between Penning
magnet and discharge chamber is avoided; Secondly, the
extraction power supply was moved into tunnel where is
much closer to the source to decrease the induced voltage
by the cable; Thirdly, the post acceleration ceramic insulator was replaced by a new insulator with an additive
45 mm high collar to increase the creep-age distance;
Lastly, the post acceleration power supply with 55 kV and
10 mA was replaced by the one with 65 kV and 80 mA.
After these improvements, the stability and reliability of
the ion source is highly enhanced [1]. A control closed
loop between the bending magnet exciting current and the
extracted beam current is also developed to ensure the
beam orbit from IS unchanged. Now, the only factor leading to the instability of ion source comes from the extraction sparking at very low beam duty factor due to the
cesium deposited on the extractor.
This instability could be also well controlled through
strictly limiting the consumption of cesium. In addition, a
new extraction power supply with double voltage-output
pulses is also developed to solve the extraction sparking.
As shown in Fig. 1, with this new power supply, the extracting beam by one pulse with lower voltage output
MC4: Hadron Accelerators
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SIMULATION ANALYSIS OF LLRF FEEDFORWARD COMPENSATION
TO BEAM LOADING FOR CIADS LINAC
C. Y. Xu† , J.Y. Ma, G.R.Huang, Z.J.Wang, Institute of modern physics,
Chinese Academy of Sciences, Lanzhou, China
Abstract
A simulation is coded to calculate the beam loading in
the cavity of CiADS and the response of the LLRF system.
In the pulse operating mode, the fluctuation of amplitude
and phase of the cavity field contributed by the transient
beam loading is traced. During the simulation the effect of
beam current fluctuation, and timing jitter were determined.
The deviation margin of relational parameters is lined out
to meet the requirement for cavity stability with amplitude
0.1% and phase 0.1∘ .

INTRODUCTION
The CiADS linac is a superconducting proton linac which
consists of an electron cyclotron resonance(ECR) ion source,
a low energy beam transport(LEBT) line, a 162.5MHz radio
frequency quadrupole(RFQ) accelerator with four-vane type
copper structure, a medium energy beam transport(MEBT)
line, a SC section which is the main accelerating section,
and a high energy beam transport(HEBT) line. The projects
need a high stability to deliver 500MeV,10mA proton beam
in CW operation mode[1].
The interaction between the beam and the cavity fields
when the beam pass through the cavity in accelerating mode
are referred as beam loading. It may degrade the beam
quality even beam loss, So it is necessary to compensate it.
The required amplitude stability of cavity field is 0.1%,
and phase stability is 0.1∘ . In order to meet the specification,
traditional PI feedback algorithm can hardly regulate the
cavity field affected by heavy beam loading. It is therefore
essential for the LLRF system to implement feedforward
and other advanced control methods.
The purpose of this paper is to determine the effect of
beam fluctuation, and timing jitter with feedforward system
in the cavity field.
This topic was identified as being of importance to CiADS
LLRF system in proving it the threshold of relational parameters.

CAVITY MODEL
In order to simulate how the cavity will behave when it
is excited by a RF field, a model of the cavity should be
used[2], the equation of the cavity model as below:
𝑉𝑛+1 = 𝑉𝑛 (1 −

𝜋 𝑗2𝜋△𝑓 (𝑛)
𝜋
)𝑒
+ [𝐼𝑏 (𝑛) + 𝐼𝑔 (𝑛)] +
(1)
𝑄
𝑄

where 𝐼𝑔 (𝑛) and 𝐼𝑏 (𝑛) are the current caused by the beam
and the generator. 𝑉𝑛 is the voltage of the cavity excited by
both 𝐼𝑔 and 𝐼𝑏 .
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Figure 1: Cavity Model.
Then according to the equation, we can build a model
in Simulink, which shown in Fig. 1. And some necessary
cavity parameters for the simulation is given in Table 1.
Table 1: Parameters Used in the Simulations.
RF Parameters

Value

Unit

𝑉𝑐
sync phase
R/Q
𝑓0
𝑓𝐻𝐵𝑊

0.994
-44.1
153
162.5
100

MV
deg
𝑀Ω
MHz
Hz

Figure 2: Feedback and Feedforward mechanism.

FEEDBACK AND FEEDFORWARD
MECHANISM
When the beam is accelerated in pulse mode, it causes
repeated perturbation. In the case of low beam power , the
feedback control is an effective way to deal with it in the loop,
However in the case of the heavy beam loading, in the first
few tens of microseconds, because of the delay and high gain
of the feedback loop, there will be obvious oscillations of the
cavity. So the repetitive perturbation cannot well suppressed
by it and may cause the power overshoot[3].
Feedforward control is a technique for compensating the
error [4]. Figure 2. shows the typical mechanism of feedTUPTS045
2027
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COMMISSIONING OF A COMPACT THz SOURCE BASED ON FEL*
Y. J. Pei†, L. Shang, G. Y. Feng, K. Jin, G. R. Huang, D. Ch. Jia, X. Q. Wang, B. G. Sun, X. Y. He,
Zh. X. Tang, P. Lu, W. Wei, W. Wang, S. K. Lu, Y. L. Hong, L. G. Shen, F. Zhang, NSRL,
University of Science & Technology of China, Hefei, China
T. Hu, Q. Chen, P. Tan, Q. Fu, L. Cao, Y. Q, Xiong, Huazhong University of Science Technology,
Wuhan, China

Abstract

Linac

The layout of the THz source based on FEL was described in this paper. The THz source was based on a FEL
which was composed of a compact 8-14MeV LINAC, undulator, optical resonance, THz wave measurement system
and so on. The facility was designed in 2013 and the typical
running parameter got in 2017 were as the following: energy is of 12.7MeV, energy spread is of 0.3%, macro-pulse
is of 4 μs, pulse length of micro-pulse is of 6ps, emittance
is of 24 mm.mrad. After that the machine was commissioning for production THz radiation. In November 2018, the
THz wave was test and got THz wave signal, the spectrum
was also got. This year, we plan to measure the output
power of the THz source.

The electron LINAC consists of a novel EC-ITC RF gun,
constant gradient travelling wave structure accelerating
tube, focusing coil, beam diagnostics system, microwave
power system, vacuum system, and control system and so
on.
EC-ITC RF gun is employ an ITC RF cavities which input power and phase can to be adjusted [2] independently,
and a thermal cathode diode gun of 15 kV which is located
out the first RF cavity, its anode voltage can be adjust also.
The diode gun can provide high electron beam current of 4
A. The EC-ITC RF gun is very compact which size is of 18
cm and the gun is running well now.
In order to reduce LINAC size, a constant gradient, travelling wave, mode and collinear load structure have be employed [3], which made the linac's output coupler to be removed so that the LINAC's radial size and the focusing coil
size is reduced. The input coupler of the LINAC is an offaxial structure so that the electric field in the coupler will
be symmetry near axial of the LINAC. Figure 2 showed
the electric field distribution in the input coupler. According
to simulation, we choose off-axial distance is of 1.35 mm.
In order to restrain the emmitance growing and focusing
the beam, one short magnetic lens and one set solenoid coil
have be adopted, their magnetic field distribution were
showed as Fig. 3 [4].

COMMISSIONING OF THE FACILITY

The THz source is a compact FEL facility operating
wavelength on THz range. The facility is main composed
of an electron LINAC, an undulator and an optical resonance cavities etc. The layout of the facility is shown as
Fig. 1 [1]. The main running parameters of the LINAC are
shown in Table 1.

Figure 1: Layout of facility.
Table 1: Main Running Parameters of the LINAC
Parameter
Unit
Value
Energy
MeV
9.7-13.5
0.5-0.74(macro)
Beam Current
A
30~40 (micro)
μs
1~4.2 (macro)
Width of Beam Pulse
ps
1~10 (micro)
Repeat Frequency
pps
2-10
Charge per Pulse
pC
>200
Energy Spread
%
0.26-0.4
Nor. Emittance
μm
<27
RF Frequency
MHz
2856
Input Power
MW
20

Figure 2: Field distribution in coupler.
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Figure 3: Magnetic distribution.
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IMPROVEMENT OF 6D BRIGHTNESS BY A 1.4-CELL PHOTOCATHODE
RF GUN FOR MeV ULTRAFAST ELECTRON DIFFRACTION*
Y. Song, C. Tsai, K. Fan†, T. Yang, Huazhong University of Science and Technology, Wuhan, China
J. Yang, Osaka University, Osaka, Japan
Abstract
Recent research indicates that ultrafast electron diffraction and microscopy (UED/M) have unprecedented potential in probing ultrafast dynamic processes, especially in
organic and biological materials. However, reaching the required brightness while maintaining high spatiotemporal
resolution requires new design of electron source. In order
to produce ultrashort electron beam with extreme high
brightness, a 1.4-cell RF gun is being developed to reach
higher acceleration gradient near the photocathode and
thus suppress the space charge effect in the low energy region. Simulation of the 1.4-cell RF photocathode gun
shows considerable improvement in bunch length, emittance and energy spread, which all lead to better temporal
and spatial resolution comparing to traditional 1.6-cell RF
photocathode gun. The results demonstrate the feasibility
of sub-ps temporal resolution with normalized emittance
less than 0.1 πmm·mrad while maintaining 1 pC electron
pulse.

This is a preprint — the final version is published with IOP

INTRODUCTION
Over the past decade, ultrafast electron diffraction and
microscopy (UED/M) based on laser-driven photocathode
RF gun opens new possibilities to investigate nano-structure dynamics within sub-ps temporal resolution [1, 2]. Institutions around the world has shown successful observation of dynamic process of structures like single crystal [3],
organic salt crystal [4], amyloid [5], etc. with temporal resolution ranging from ns to fs. Based on these current researches, we believe if we push the 6D brightness to a new
level and thus achieve higher signal to noise ratio and spatiotemporal resolution, it will be possible to observe and
record the ultrafast process of more complicated materials
such as proteins, DNA molecules, or even living cells [6].
To improve the 6D brightness of electron beam, UCLA
firstly proposed to use 1.4-cell RF gun, instead of more
commonly used 1.6-cell RF gun, to increase the optimal
injection phase and thus increase the extraction field near
the cathode [7]. Here optimal injection phase refers to the
phase upon which beam achieves maximum energy. In our
case of 3 MeV beam, the extraction field for the 1.4-cell
RF gun is about 4.5 times higher than the 1.6-cell one.
There are two main reasons why we believe higher extraction field could increase the 6D brightness. Firstly, according to current research of photoemission model, the maximum transverse brightness that can be achieved by the photocathode is directly affected by the extraction field. For
the pancake regime beam we use in UED/M experiment,
___________________________________________
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the maximum transverse brightness is proportional to extraction field as shown in Eq. (1) [8]
Bmax 

Ecathode
,
kT

(1)

where Ecathode is the extraction field on the cathode. Secondly, high brightness beam inevitably suffers from the
space charge effect which is proportional to 1/β2γ3 [9].
With higher extraction field, electrons emitted from photocathode accelerate to near-relativistic region faster hence
suppress the space charge effect. For the pancake beam, the
dilation and degradation caused by space charge effect are
mainly in the longitudinal direction, thus the beam produced by 1.4-cell RF gun should have smaller longitudinal
emittance.
In this paper, we report the design of new 1.4-cell RF
photocathode gun with SUPERFISH simulation. The comparison between the new gun and a standard 1.6-cell gun
performed by ASTRA [10] are reported. Advantages in
both transverse and longitudinal emittance under high
charge density are observed which lead to approximately 5
times higher 6D brightness. Finally, we present the beam
dynamics simulated by ASTRA to show the preliminary
performance in the 1.4-cell RF gun. The simulation results
indicate an ultrashort-pulsed electron beam with 210 fs rms
bunch length and 0.08 πmm·mrad normalized emittance at
1 pC can be generated with the 1.4-cell RF gun.

1.4-CELL RF GUN DESIGN
RF Design
The resonant modes of this 1.4-cell RF gun are calculated by SUPERFISH. Figure 1 shows the cavity profile
and electric field distribution of π-mode along the axis.

Figure 1: 1.4-cell cavity and field distribution.
The 1.4-cell cavities were fabricated and brazed at High
Energy Accelerator Research Organization (KEK). Cold
test indicated good agreement with simulation.

Compensating Solenoid
To evaluate the quality of beam produced by the RF cavity, we need to consider the effect of compensating solenoid. Here we introduce the model we used for all the simulation involving compensating solenoid in this paper. Figure 2 shows the on-axis field distribution of this model. The
TUPTS047
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PRELIMINARY STUDY ON THE INJECTION SYSTEM UPGRADE FOR
CSNS-II*
1

M.Y. Huang1,2, S. Wang1,2#, S.Y. Xu1,2
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
2
Dongguan Neutron Science Center, Dongguan, China

Abstract
The construction of the China Spallation Neutron Source
(CSNS-I) had completed the national acceptance in
August, 2018, and opened to users. The physics design of
the second phase (CSNS-II) has been started. The CSNSII accelerator upgrade contains three main parts, including
the Linac energy upgrade from 80 MeV to 300 MeV,
injection system upgrade, and new Magnetic Alloy dualharmonic cavities. In this paper, a preliminary study on the
injection system upgrade had been done. A preliminary
upgrade scheme for the injection system is given.
Furthermore, some preliminary simulation and calculation
for the upgrade injection system had been carried out. The
analysis results showed that most injection parameters can
preliminarily meet the requirements of accelerator power
upgrade.

INTRODUCTION
The China Spallation Neutron Source (CSNS) is a
multidisciplinary platform and its construction (CSNS-I)
had completed the national acceptance in August, 2018
[1][2]. The accelerator of CSNS-I consists of an 80 MeV
H- Linac and a 1.6 GeV rapid cycling synchrotron (RCS)
with a repetition rate of 25 Hz which accumulates an 80
MeV injection beam, accelerates the beam to the designed
energy of 1.6 GeV and extracts the high energy beam to the
target. The design goal of beam power is 100 kW [3].
Figure 1 shows the layout of CSNS-I.

To improve the beam power on the target from 100 kW
to 500 kW, CSNS accelerator needs to be upgraded,
including the Linac energy upgrade, injection system
upgrade, and new Magnetic Alloy dual-harmonic cavities.
Table 1 shows the comparison of the main beam
parameters of accelerator between CSNS-I and CSNS-II. It
can be found that: the Penning ion source in CSNS-I will
be changed to the RF voltage ion source; the Linac energy
will increase from 80 MeV to 300 MeV; the average beam
current of the Linac will increase from 62.5 μA to 312.5
μA; the protons per pulse will increase from 1.56×1013 to
7.8×1013.
Table 1: Comparison of the Main Beam Parameters of
Accelerator Between CSNS-I and CSNS-II
Phase

CSNS-I

CSNS-II

Beam power on target /kW

100

500

Linac energy /GeV

0.08

0.3

Extraction beam energy/GeV

1.6

1.6

Average beam current /μA

62.5

312.5

Repetition /Hz

50

50

1.56

7.8

Penning

RF Vol.

Protons per pulse /10
Ion Source type

13

With the Linac upgrade, the injection system needs to be
to redesign to accommodate the increased injection energy
and injection beam current. In the following section, the
injection system will be resigned and studied. A
preliminary upgrade scheme will be given and discussed.

PRELIMINARY UPGRADE SCHEME OF
THE INJECTION SYSTEM

Figure 1: Layout of CSNS-I.
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The injection system is the core component of one
accelerator and the injection efficiency is an important
factor that determines whether the accelerator can operate
safely [4]. For the RCS, the injection process determines
the initial state of the cyclic beam and has an important
influence on the process of beam accumulation and
acceleration. The injection beam loss is one of the decisive
factors that limit whether the RCS can operate at high
power.
TUPTS048
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DESIGN AND ANALYSIS OF THE COLD CATHODE ION SOURCE FOR
200 MeV SUPERCONDUCTING CYCLOTRON
S.W. Xu, University of Science and Technology of China, Hefei, China
G. Chen†, Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, China
M.M. Xu, Anhui Polytechnic University, Wuhu, China
O. Karamyshev, G. Karamyshev, G. Shirkov, JINR, Dubna, Russia
L. Calabretta, LNS-INFN, Catania, Italy

Abstract
SC200 is a superconducting isochronous cyclotron
which generates 200 MeV, 400 nA proton beam for particle
therapy. The cold-cathode-type Penning ion gauge (PIG)
ion source for the internal ion source of SC200 has been
selected as an alternative and preliminary designed. In this
paper, design of ion source and test bench are demonstrated. Currently, the properties of ion source have been
simulated for a variety of electric field and magnetic field
distributions. The secondary electron emission in electromagnetic field has been simulated. It provides reference for
the optimization design of arc chamber. In addition, the
sample of cold-cathode-type ion source has been tested on
the test bench and extracted beam intensity has been measured over 200 μA.

anti-cathode are copotential, connected to negative high
voltage. There is a resistance between the anode and the
cathode, which as a voltage divider to protect the arc power
supply during arc discharge. The cylindrical cathode is
mounted on the cathode base, as shown in Fig. 2.
Table 1: Main Parameters of the Ion Source
Parameters
Cathode material
Arc chamber material
Inner diameter of arc
chamber
Outer diameter of arc
chamber
Plasma region length

INTRODUCTION

Per end of 2017 almost 200000 patients have been
treated worldwide with particle radiotherapy, about 170500
with protons, about 25700 with C-ions and about 3500 with
He, pions and other particles. Proton therapy is becoming
an important means of tumor therapy. More and more research institutions have begun to develop proton therapy
equipment. A 200 MeV superconducting proton cyclotron
is being planned for building by the institute of plasma,
Chinese academy of science (ASIPP), in collaboration with
the joint institute for nuclear research (JINR) [1]. At present, the hot cathode ion source has been designed and
tested. However, in order to further improve the lifetime of
ion source, a cold cathode ion source is proposed to be used
as an alternative during the operation of the accelerator. In
the paper, the design of cold cathode source and experiment results are described.

Value
Lanthanum Hexaboride (LaB6)
molybdenum
5 mm
7 mm
58 mm

R
Arc power supply
Plasma
B

cathode

Figure 1: Structure diagram of cold cathode ion source.

BASIC STRUCTURAL DESIGN OF COLD
CATHODE ION SOURCE

The design of the cold cathode source is mostly based on
the mechanical structure of the hot cathode source. The
basic parameters of the cold cathode ion source are shown
in the Table 1 below. The unusual combination of refractory properties with a low work function  has led to the
development of LaB6 into useful cold cathode ion source.
The structure diagram of cold cathode ion source is shown
in Fig. 1. The arc chamber is grounded, the cathode and the

Figure 2: Installation of the cold cathode.
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RECENT BEAM COMMISSIONING OF LEAF AT IMP
Y. Yangಳ, Y. H. Zhai, Y. J. Zhai, L. T. Sun, L. P. Sun, X. B. Xu, L. B. Shi, L. Lu, Y. H. Guo,
B. S. Gao and H. W. Zhao, IMP/CAS, Lanzhou, China
Abstract
LEAF (Low Energy intense-highly-charged ion Accelerator Facility) has been successfully commissioned
with several beams in CW regime, covering the M/Q
from 2 to 7, such as H2+, He2+, C4+, O4+, He+, Kr13+, N2+ et
al. This paper presents recent beam commissioning results.

INTRODUCTION
LEAF is a user facility, designed to produce and accelerate heavy ions, from H2 to U with M/Q between 2 and 7,
to the energy of 0.5 MeV/u. The facility is mainly composed by a 45 GHz ECR ion source FECR, a 300 kV high
voltage platform, a high intensity low energy beam
transport line, a CW 81.25 MHz 4-vane radio frequency
quadrupole (RFQ), and a medium energy beam transport
line and several experimental terminals. Figure 1 shows
the layout of the complex. A permanent-magnet ECR
source has been being used for current commissioning
since the superconducting source is still under development. The RFQ beam physics design is optimized to
minimize the longitudinal emittance of the accelerated
beam. For this purpose an external MHB (MultiHarmonic Buncher), which includes three harmonics
operating at 40.625, 81.25, 121.875 MHz, respectively, is
employed in LEBT upstream of the RFQ, and the RFQ
only accepts the well bunched core particles for further
acceleration avoiding capture of the small fraction particles in the tails of the distribution. The beam commissioning started in May 2018. Early beam commissioning and
characteristic measurement without MHB were reported
in [1-2]. The MHB was installed in Sep. 2018. This paper
will report recent beam commissioning with the MHB
operational. A nuclear physical method based on
12
C(p,γ0)13N reaction has been implemented to measure
the beam energy spread of H2+ from the RFQ. The measurement is consistent with the calculation. A specific
feature of the platform is the possibility to provide socalled “cocktail” beams, which are a mixture of ≥2 species of heavy ion beams. Two types of “cocktail” beams
have been successfully tested and measured. The mechanism and preliminary experimental results will also be
reported in this article.

cies of the RFQ for ~100 eμA N2+ beam under different
MHB operation conditions. The full transmission efficiency, including non-accelerated current, was measured
by two AC current transformers (ACCT) situated on both
sides of the RFQ. The measured transmission was higher
than 97% which is similar to the simulated value. The
acceleration efficiency is the ratio of the beam currents at
faraday cup (FC4) located after the MEBT quadrupole
triplet and ACCT-1 before the RFQ. Simulations predict
that the non-accelerated particles would be over-focused
and lost in the triplet focusing channel due to the widely
different rigidity from the synchronous particles. Good
agreement between the measurements and simulations
was demonstrated, while the small difference can be due
to the measurement errors and the deviations of the simulation model. However, due to the power limitation of the
amplifier, the third harmonic with frequency of 121.875
MHz hardly has contributions to the beam intensity in the
measurement. To investigate the validity of the third
harmonic, the measurement was conducted with the minimum M/Q ion He2+, as shown in Fig. 3. With the third
harmonic working the accleration efficiency increased by
2%, comparing with that using two harminics.

Figure 1: Layout of LEAF.

BEAM COMMISSIONING
With MHB operational, the MHB was tuned with
beam and the RFQ transmission was measured. Figure 2
shows the measured and simulated acceleration efficien* This work is supported by the National Nature Science Foundation
of China (contract No. 11427904 and 11575265).

Figure 2: Measured and simulated acceleration efficiencies of the RFQ for ~100 eμA N2+ beam under different
MHB operation conditions.
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CONCEPTUAL DESIGN OF A HIGH-PERFORMANCE INJECTOR BASED
ON RF-GATED GRIDDED THERMIONIC GUN FOR THz FEL
P. Yang†, Y. Lu, J. J. Li, H. M. Chen, T. Hu
Huazhong University of Science and Technology, Wuhan, China
‡
G. Y. Feng , S. C. Zhang, University of Science and Technology of China, Hefei, China

Abstract

Free-Electron Laser (FEL) has higher requirements on
electron beam properties, for example, low transverse
emittance, small energy spread, short bunch length and
high peak current. Taking compactness and economy into
account, we aim to design a high-performance linear accelerator based on a RF-gated gridded thermionic electron
gun, which will be used as the injector of the oscillator-type
THz FEL facility at Huazhong University of Science and
Technology of China [1]. The RF-gated grid will be modulated with the fundamental and 3rd harmonic microwave
of the LINAC frequency, which will be very helpful to get
high electron capture efficiency and short bunch length.
Concerning velocity bunching effect in the LINAC, electron bunch with good symmetry of current profile and
bunch length less than 10 ps can be obtained at the exit of
the injector. In this paper, design and beam dynamics simulation for the high-performance injector are presented.

INTRODUCTION

Free electron laser has strict limits on the beam parameters produced from the injector. In the initial stage of acceleration, the longitudinal motion of electrons is the most
complicated, and the beam performance is of vital importance to the final beam performance parameters of the
entire accelerator. In order to meet the requirements of simple and compact structure without reducing the beam quality and accomplish beam lossless transmission, a high-performance electron injector is especially needed. Beam
quality, capture efficiency, gain, device stability, etc. are
factors to consider. Conceptual design of a compact highperformance injector based on a RF-gated gridded thermionic gun [2] is proposed. The schematic diagram of the injector is shown in Fig. 1.

structure for acceleration. Comparing with the general system, this system eliminates the independently bunching
cavity, and the beam bunch can be compressed directly
with the electron gun which is regulated by a very low microwave power [3]. While retaining the advantages of the
DC gun, it also avoids a series of negative effects of excessive length of bunch. The bunch is directly injected into the
accelerating section from the gun, which can improve the
capture efficiency of the electrons. The compressed electron bunch is further bunched in the LINAC section and the
maximum energy can reach 15 MeV. After parameters optimization, electron beam with emittance of less than
20mm∙mrad, energy spread of less than 0.8% and bunch
length of less than 10 ps can be obtained, which will meet
the requirements from THz FEL performance.

RF-GATED GRIDDED EGUN DESIGN
DC Thermionic Electron Gun
DC thermionic electron gun is main composed of a cathode, a focusing gate and an anode. Electrons emitted from
the cathode are drawn through a DC high voltage between
the anode and the cathode and are focused with a shaped
focus pole [4].
Simulation results are shown in Fig. 2. At 8 cm downstream of the electron gun, 50 keV/1.0 A beam spot size
less than 4 mm.

Figure 2: a. 3D model of the DC gun with trajectory. b.
Envelope of the beam. c. Potential distribution. d. Electric
field distribution.

RF-Gated Gridded Egun

Figure 1: Schematic diagram of the THz FEL injector
based on a RF-gated gridded electron gun.
The entire system will consist of a RF-gated gridded
electron gun, a constant impedance travelling wave structure for bunching, a constant gradient travelling wave
___________________________________________
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Different from a DC high voltage Egun, the RF-gated
gridded Egun has a microwave cavity which is formed between cathode and grid, as shown in Fig. 3. The cavity
works in TM010 and TM020 modes with frequencies correspond to 952 MHz and 2856 MHz respectively. The twomode axial field is used to extract electrons from the cathode across the grid.
MC2: Photon Sources and Electron Accelerators
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DESIGN OF A 217 MHZ VHF GUN AT TSINGHUA UNIVERSITY
Lianmin Zheng, Zizheng Li, Yingchao Du, Han Chen, Bin Gao, Renkai Li, Wenhui Huang,
Chuanxiang Tang†, Department of Engineering Physics, Tsinghua University, Beijing, China

Abstract

A 217 MHz VHF gun operating in CW mode is
designing at Tsinghua University. The cathode gradient is
designed to be 30 MV/m to accelerate the electron bunches
up to 878 keV. The cavity profile is optimized in CST to
minimize the input power, peak surface electric field, and
peak wall power density. The multipacting analysis and the
thermal analysis are also presented in this paper. Further
gun shape optimization and mechanical design are
ongoing.

INTRODUCTION

The high brightness electron beam has enabled the
success of a lot of accelerator-based machines such as: free
electron lasers (FELs), Thomson scattering sources, and
ultrafast electron diffraction (UED) and microscopy
(UEM) in the past few decades. Recently, the
developments of the above machines have dramatically
required the electron beam with not only high brightness
but also high repetition rate. Therefore, electron guns
capable of operating at MHz-class repetition rates are
intensely studied in the past few years, and several groups
around the world have proposed different schemes
including the direct current (DC) gun [1], Superconducting
RF gun [2] and very high frequency (VHF) gun [3].
A VHF gun operating at 186 MHz, called APEX gun [3],
has been developed at LBNL and a close version of this
gun has been selected as the electron source for the LCLSII. The gun can operate at continuous wave (CW) mode
with a cathode gradient of 20 MV/m and a voltage of 750
keV. The LBNL’s work has shown that the VHF gun is a
promising source producing electron beam with both high
brightness and high repetition rate. Stimulated by the
LBNL’s work and the VHF gun design experience of other
groups, Tsinghua University (THU) is designing a VHF
gun. A preliminary design of this gun is presented in this
paper.

CAVITY PROFILE

The gun frequency should be compatible with the
frequency of SRF linacs (1300 MHz) in XFEL. Therefore,
the gun frequency should be 1300/n MHz, and n is an
integer.
In VHF section, 217 MHz, 186 MHz and 162.5 MHz are
the candidates. Based on the Kilpatrick equation, higher
frequency has the potential to achieve higher cathode
gradient under the breakdown limit. Besides, 186 MHz is
not compatible with the XFEL timing system. Overall, we
choose 217 MHz as our gun resonant frequency.
The CST MICROWAVE STUDIO was employed to
optimize the gun shape. The cavity profile is parameterized
in CST, as shown in Fig. 1.

Figure 1: Cavity profile parameterized in CST.
All parameters presented in Fig. 1 were optimized
simultaneously in CST optimizer. The optimization goals
were set as follows: The frequency is fixed at 216.67 MHz,
and all rf goals were scaled with the cathode gradient of 30
MV/m. The gun voltage should be larger than 800 kV to
maximize the beam energy at the exit of the gun. The input
power should be less than 100 kW and the peak surface
power density should be less than 30 W⁄cm to relax the
cooling requirement. The peak surface electric field should
be less than 38 MV/m to reduce the breakdown possibility.
The gun rf parameters after optimization are presented
in Table 1. All rf parameters meet the design goals stated
above.
Table 1: Gun rf Parameters After Optimization
Parameter
Value
Unit
Frequency
MHz
216.67
Cathode gradient
30
MV/m
Input power
95.6
kW
Peak surface electric field
37.3
MV/m
Peak surface power density
25.9
W⁄cm
Voltage
878
kV
Stored energy
2.4
J
Quality factor
33830
Shunt impedance
7.9
MΩ
The cavity profile and the corresponding electric and
magnetic fields in the gun are shown in Fig. 2.

THERMAL ANALYSIS
Nineteen water cooling channels are designed on the gun
to deal with the heat from the dissipated power on the
cavity inner wall. The flow rate and dimension of each
channel were carefully adjusted based on the local wall
power density. The thermal load of the gun was calculated
in ANSYS Multiphysics Simulation. The initial water
temperature was set to be 300 K. The maximum water inout pressure of all channels is less than 0.1 MPa. The water
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1st+2nd HARMONIC PHOTOCATHODE BIMODAL GUN R&D*
Lin Wang1,2†, Shanghai Institute of Applied Physics, Shanghai, China
Yong Jiang, Sergey V. Shchelkunov 3, Jay. L. Hirshfield 3, Yale University, New Haven, CT, USA
Wencheng Fang, Zhentang Zhao, Shanghai Synchrotron Radiation Facility, Chinese Academy of
Sciences, Shanghai, China
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also at University of Chinese Academy of Sciences, Beijing, China
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also at Yale University, New Haven, CT, USA
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also at Omega-P R&D Inc., New Haven, CT, USA

Abstract
A novel Bimodal Electron Gun is designed to apply microwaves at two harmonically-related frequency in a 0.6
cell RF gun to increase the RF breakdown threshold and
enhance the beam quality. This stratagem is intended to allow the RF gun structure to support a high acceleration gradient as well as to manipulate the emittance evolution in
the half cell. By selecting a proper amplitude ratio and
phase relationship between the first and second harmonic
RF field components in the gun cavity, the superposition
of the harmonic field components can provide a flat-top
like RF profile to omitting the RF emittance component in
the gun, while rise the RF breakdown threshold. The recent
status of the Bimodal Electron Gun R&D is presented, including the designs of the novel two frequency RF structure and the simulation of the beam dynamic.

INTRODUCTION

For the next generation light source, high brightness
beams with a very small transverse and longitudinal emittance in the 6D phase space are required. The beam quality
is essentially set by its injector and electron source, like
RMS transverse emittance. An improved injector beam
quality will help ease the challenge for the downstream
emittance manipulation using the bunch compression and
emittance exchange, thus reduce the complexity of the accelerator system. Here, R&D efforts are described with the
aim towards an implementation of a novel high-gradient
dual-mode RF gun base on FEL application with the acronym BEGUN—Bimodal Electron Gun.
The transverse emittance of a RF gun is predominately
determined by the RF, space charge and thermal emittance.
The theory proposed by Kim [1] for single frequency RF
guns, further developed by Serafini [2, 3] for multi-frequency RF guns, provides the basic analytic description of
the emittance growth mechanisms in the RF guns. By selecting a proper amplitude ratio and phase relationship between the first and second harmonic RF field components
____________________________________________
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Figure 1: (a) The half-cell design of the BEGUN cavity using SUPERFISH, where the fundamental mode is TM010like and the second harmonic mode is TM011-like. (b)
Electric field amplitude of two-mode superpositions at the
cathode (flat side) and anode (beam aperture), where the
blue section of the curves indicates the rf electric field
pointing into the metal surface (cathode-like field) and red
for pointing out of the metal surface (anode-like field).
in the gun cavity, the superposition of the harmonic field
components can provide a flat-top like RF profile to omitting the RF emittance component in the gun, while increase
the RF breakdown threshold. This approach provides multiple control knobs over the cathode field, bunch length,
and bunch charge density; and especially, the suppression
RF nonlinearity. Once the electrons emitted from the cathode, the RF field increases rapidly in time to a flat-top, preserves the emittance against the rf emittance degradation.
Serafini proposed a two-frequency RF gun configuration
using the first harmonic plus an odd harmonic to cancel the
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CONCEPTUAL DESIGN OF THE SC230 SUPERCONDUCTING
CYCLOTRON FOR PROTON THERAPY
O. Karamyshev†, G.A. Karamysheva, S. Gurskiy, V. Malinin, D.V. Popov, G. Shirkov,
S.G. Shirkov, V.L. Smirnov, S.B. Vorozhtsov, JINR, Dubna, Russia

Abstract
Physical design of the compact superconducting cyclotron SC230 (91.5MHz) has been performed. The cyclotron
will deliver up to 230 MeV beam for proton therapy and
medico-biological research. We have performed simulations of magnetic and accelerating systems of the
SC230 cyclotron and specified the main parameters of the
accelerator.

INTRODUCTION

At the Dzhelepov Laboratory of Nuclear Problems,
JINR, the Medico-Technical Complex (MTC) was developed on the basis of the 660-MeV proton accelerator (Phasotron), where patients are treated in a regular way using
3D conformal proton beam therapy.
The initial operation of the accelerator took place in
1949 and now it is outdated and worn out. Therefore, it
seems currently important to replace Phasotron with a new
compact dedicated proton accelerator. A new isochronous
cyclotron SC230 will be used for further medico-biological
research and for patient treatment.
Since 2016 the SC200 superconducting cyclotron for
hadron therapy has been jointly developed by JINR and
ASIPP (Hefei, China) [1]. The production of the cyclotron
faced a lot of engineering challenges which are mainly
aroused due to high magnetic field of the accelerator.
Therefore we decide to rethink some design decisions after
careful analysis of SC200, other projects and operating cyclotrons for proton therapy.
Modern tendency to reduce size and cost of Ion Beam
Radiotherapy leads to the success of superconducting synchrocyclotrons which are useful for single room solutions.
An isochronous cyclotron cannot compete with synchrocyclotrons in dimensions and weight, Mevion 250 weighs
about 20 tonnes [2], but a cyclotron has a CW beam and
therefore high average current sufficient for different applications. The isochronous cyclotron is the best choice for
the universal full-scale proton therapy centers.
Most proton therapy centers commissioned worldwide
utilise isochronous cyclotrons as the drive accelerator, because they are compact, simple to operate and very reliable. Cyclotrons deliver a continuous output (CW beam)
with high beam current and can accurately modulate the
proton beam current.
Recent developments of superconducting cyclotrons for
proton therapy, such as SC200, Pronova K230, Sumitomo
230MeV, share similar parameters that define the structure
of the cyclotron. All projects are 4-sector cyclotrons with
3T central field. Such parameters were chosen in pursuit
____________________________________________
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of compact dimensions. None of those cyclotrons are yet
in operation.
There are two most successful accelerators in the proton
therapy: Varian PROSCAN [3], design proposal by
H.Blosser et al. in 1993, and C235 (IBA Belgian) [4]. Both
cyclotrons have much smaller central field, 2.4 and
1.7 Tesla.
We are not restricted in dimensions of cyclotron; therefore, we decided first of all to increase the pole of the cyclotron in order to decrease mean magnetic field to about
1.5 T in the center (see parameters in Table 1). Corresponding frequency for this value of the magnetic field is
91.5 MHz which was used for SC200 cyclotron design.
As the cyclotron will have a relatively small magnet
field, it is possible to use both superconducting and resistive coil. Both solutions have their pros and cons, however
for the SC230 we have chosen superconducting coil. Although the resistive coil is cheaper and easier, it consumes
more power, it is a source of heat that may affect the cyclotron, and as we need 170kA-turns it would be large, and
large resistive coil requires a rather complicated and powerful cooling system. For example, the resistive coil of the
IBA C235 cyclotron, which delivers 250kA-turns is about
0.6x0.5m in cross-section, and superconducting coil with
cryostat would be less than 0.25x0.25m. Our simulations
show that similar design as IBA C235 with superconducting coil instead of copper coil would reduce the yoke
weight from 210 tonnes down to about 100 tonnes and
would make the cyclotron much more compact. Since in
this proposal we reduce RF frequency even more than the
frequency in C235, the accelerator weight will be about
130 tonnes.
Additional advantage for superconducting option is operation schedule. There is no necessity to turn of magnet
for night time so superconducting cyclotron can be switch
on in the mornings just by turning on RF and other systems.
The superconducting technologies are evolving and become more and more affordable, so running cost of the SC
coil should decrease; however the same cannot be said
about electricity costs, that is why we are focused on low
power consumption of the cyclotron.
Low magnetic field is also an advantage for the SC coil
design. The magnetic field in the coil is an important value,
and critical current strongly depends on it. The usual value
of the current density in NbTi coils in superconducting cyclotrons or synchrocyclotrons for proton therapy is
50-60A/mm2; however, those coils operate at 4T and more,
the SC230 coil will operate at 2T field in coil, and that can
theoretically give us an order of magnitude greater possible
current density and reduce the coil size down to 10cm2 and
lower. But our focus is on reliability and simplicity and we
prefer not to have risks of quench, so we plan to keep the
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BEAM DYNAMICS SIMULATIONS IN THE DUBNA SC230 SUPERCONDUCTING CYCLOTRON FOR PROTON THERAPY
G. Karamysheva†, O. Karamyshev, S. Gurskiy, V. Malinin, D. Popov, G. Shirkov, S. Shirkov,
V. Smirnov, S. Vorozhtsov, JINR, Dubna, Russia
Abstract
We present results of the beam dynamics simulation for
the compact isochronous superconducting cyclotron
SC230. We have performed beam tracking starting from
the ion source. The extraction system scheme and results
of beam extraction simulations are presented. The codes
and methods used for beam tracking are briefly described.

INTRODUCTION
Physical design of the compact superconducting cyclotron SC230 (91.5MHz) has been performed. The cyclotron
will deliver a beam of protons accelerated up to 230 MeV
for proton therapy and medico-biological research. We
have performed simulations of magnetic and accelerating
systems of the SC230 cyclotron and specified the main parameters of the accelerator [1].
As a result, we will have a design with:

Minimum engineering efforts and challenges;

Low power consumption;

High quality of the beam;

Reasonable size;

Reliability and stable operation;

Moderate conservativeness and reduced risks.

Figure 1: Difference between average magnetic field and
isochronous curve.
Betatron tunes calculated with CYCLOPS-like code [2]
are presented in Fig. 2. To improve performance of the
code, the map is accessed via Matlab’s griddedInterpolant
class. The equations of motion are solved via an ODE
solver (ode45 of MATLAB R2018a) employing the fourthorder RungeKutta algorithm. Our implementation allows
simultaneous calculation of a large number of particles,
which improves performance due to lower number of loops
and more efﬁcient use of RAM memory.

EQUILIBRIUM ORBIT ANALYSIS
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Figure 2: Vertical and radial betatron tunes in SC230.
We would like to point out that all graphs from simulation results appear to be quite smooth, even though they
were obtained using a field map with a rather low number
of mesh cells (about 4 millions), which was created from
the computer model of the magnet calculated in CST studio.
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A number of beam dynamics simulations were performed during the design of the cyclotron.
They are listed below:
equilibrium orbit analysis to reach proper isochronism
and focusing,
beam dynamics simulation in the center region, during
acceleration and extraction to check correctness of the
model.
During the magnet simulations the following design
goals were achieved:
Isochronous field in the whole accelerating range;
Last orbit of the circulating particle was kept close to the
edge of the pole (at 10-15 mm);
The stray fields were kept at an acceptable level;
Dangerous resonances were avoided.
Isochronism of the average field was reached via a
change of the sector’s width. Azimuthal width of the sector
changes along the radius from 25 degrees at the center to
40 at the extraction zone.
Magnetic field was carefully shaped. Deviation of average field from isochronous curve in main acceleration region is not more than ±5 Gs (see Fig. 1).
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THE PRE-INJECTOR AND PHOTOCATHODE GUN DESIGN FOR THE
MAX IV SXL
J. Andersson∗ , F. Curbis, L. Isaksson, M. Kotur, D. Kumbaro, F. Lindau, E. Mansten,
S. Thorin, S. Werin, MAX IV Laboratory, Lund University, Lund, Sweden

Abstract
The design of the pre-injector, including the new gun, for
the SXL project [1] is being finalised for the desired modes
of operation, 100 pC and 10 pC with short bunches. The
photocathode gun is currently being manufactured and experiments in the MAX IV guntest facility are under preparation
to verify the design. In this paper we present the design of
the gun and the pre-injector and show some results from
simulations using MOGA indicating an emittance less than
0.3 mm mrad.

INTRODUCTION

The MAX IV SXL project is currently in a conceptual
design phase, with the goal of investigating the design of a
Soft X-Ray Laser source at the end of the MAX IV linac in
Lund, Sweden. The MAX IV linac is a normal conducting Sband linac accelerating electrons to a final energy of 3 GeV,
and the current electron source for photocathode operation
is a 1.6 cell S-band gun with a copper cathode. The preinjector is here considered to be the photocathode gun, the
emittance compensating solenoid and the first linac structure,
as well as relevant diagnostics. The layout of the current preinjector, as well as the first bunch compressor and beginning
of the main linac, can be seen in Fig. 1. The pre-injector
should be operated in, or close to, the well known emittance
compensation regime [2].

Figure 1: Overview of the MAX IV pre-injector and first
bunch compressor. The photocathode gun is on the lower
left and beam propagates to the right. The beamline coming
from the top is the thermionic pre-injector.

Photocathode Gun
A new gun with improved cooling and improved RF parameters is required for 100 Hz operation. The new gun
design is a 1.6 cell S-Band structure at 2.9985 GHz, incorporating improvements compared to the current gun such as
elliptical irises, racetrack profile and z-coupling. The design
has two symmetric z coupling slots but initially power will
only be fed through one of them in order to simplify the
replacement of the current gun. The symmetric z-coupling
slots combined with a race-track profile, as discussed in [3],
is designed to minimize the quadrupole components of the
field. The diameters of the iris and cells has been modify to
increase the mode separation, thus minimizing the excitation
of the 0 mode field. For the gun currently in operation some
mode beating is observed, likely caused by the short RF
pulse in combination with the small mode separation of 16
MHz. In the new design the mode separation is 40.5 MHz
and this should mitigate the mode beating. Some parameters

PRE-INJECTOR DESIGN

The photocathode gun currently in operation is a 1.6 cell
S-Band gun with symmetric coupling and pumping ports on
the full cell. The gun has been in operation since 2014 with
a beam quality of approximately 2 mm mrad for 100 pC, at
fields amplitude of approximately 90 MV/m. The repetition
rate is currently 2 Hz, and will in the near future be increased
to 10 Hz, whereas the final repetition rate should be 100 Hz.
∗

The current installed gun will not be able to operate at 100 Hz
due to limited cooling. The RF gun shares klystron with
the first linac structure, and is powered by a SLED amplified
RF pulse. The RF power goes through an attenuation/phase
shift system in order to control these parameters independently of the first linac. The gun is followed by an emittance
compensation solenoid, which is placed as close to the gun
as mechanically possible. The distance between the cathode
and the entrance to the first linac structure is 1.5 m which is
possible to change, however it requires significant mechanical reconstruction. Following the solenoid is a laser chamber
that allows the laser beam to be sent in at an angle close to
on axis, this chamber also contains a pepperpot and a YAG
screen for diagnostics. The laser system is a commercial
Ti:sapphire system at 263 nm. At 1.5 m the beam enters
the first linac structure, a 5.2 m long S-band linac, and is
accelerated to approximately 100 MeV.

joel.andersson@maxiv.lu.se
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Figure 2: Cut-through picture of the new mechanical gun
design.
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RF CONDITIONING OF THE CLARA 400 Hz PHOTOINJECTOR
L.S. Cowie1, D. Scott, STFC Daresbury Laboratory, Warrington, UK
1
also at Lancaster University, Lancaster, UK
Abstract
Automated conditioning of the 400 Hz photoinjector for
CLARA was begun and the conditioning program refined.
The conditioning was performed at 100 Hz. Masks were
used to detect breakdowns in the reflected power and
phase, and the breakdown rate was limited to 5 x 106 breakdowns per pulse. The cavity gradient and breakdown rate
evolution over the conditioning time is presented. Postpulse multipactor and other evidence of electron effects
were detected. Possible mechanisms for this are discussed.
The conditioning was interrupted by breakdown in the
waveguide after reaching 2.5 MW, and will be resumed after the planned 6 month shutdown of CLARA.

INTRODUCTION
The CLARA 400 Hz photoinjector was developed at
Daresbury Laboratory to meet demanding requirements in
bunch length and emittance for bunches of up to 250 pC. It
is a 1.5 cell normal conducting S-band RF photoinjector [1] which has a dual feed RF input coupler with phase
adjustment of each feed to supress any dipole component
in the coaxial coupler line. The cavity also features a loadlock vacuum cathode exchange system, and for conditioning a bulk molybdenum cathode plug was inserted. The
stored energy in the cavity can be measured via a probe in
the full cell. The cavity schematic can be seen in Fig. 1.

waveguide couplers and cavity probe, the Wall Current
Monitor (WCM) signal, and vacuum levels are all monitored for signs of breakdown. If a breakdown is detected
the RF is switched off before more breakdowns can occur.
Automation is preferable to operator led conditioning due
to the reaction time and repeatability of the automated program. The program was developed and tested on the 10 Hz
CLARA gun, and the first CLARA linac [2]. More detail
on motivation and background high gradient conditioning
science can be found in the same paper. The program is
designed to be run unmanned, as machine time for conditioning is very limited, and the bulk must be done overnight
and at weekends.

NO-ARC
NO-ARC is a dedicated control room application suitable
for conditioning all RF structures that have a LLRF system similar to the Libera (I-Tech) system employed on
CLARA. Here we detail a number of design choices.

Modular Design
Use of a modular design allows for easy refactoring and
extension. Modularising different parts of the script is the
best path to prepare for future developments and ensure
long-term stability. For example, the event detection module currently uses the mask method, described below. We
are also working on an improved system using neural networks [3] and when that is operational it should be trivial
to implement within the code.

CLARA-NET
Use of our in-house software library CLARA-NET [4]
ensures that solutions are shared throughout the entire
CLARA project and that multiple developers will be able
to work on the code.

Configurable Settings
Figure 1: 400Hz photoinjector for CLARA.
For operation at 100 Hz for CLARA FEL experiments
the cathode surface electric field required is 120 MV/m.
The field is lowered for the 400 Hz mode to 100 MV/m to
keep the average power below acceptable limits.
To achieve such a high gradient in an S-band cavity, the
surface finish must be highly controlled. The cavity was
diamond turned at Research Instruments Gmbh. to a tolerance 0.1 μm. To avoid damage and preserve this surface
finish the breakdown rate allowed during the high power
RF conditioning process must be tightly controlled.
A program, No Operator Automatic RF Conditioner
(NO-ARC) has been developed to automate the conditioning whilst controlling the breakdown rate. RF signals from
MC2: Photon Sources and Electron Accelerators
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Settings are configurable through a plaintext configuration file. This includes the RF repetition rate, the rate at
which the RF power is increased, and the increase step size,
mask parameters for breakdown detection, breakdown detection threshold for dark current and vacuum spikes,
traces to monitor for breakdowns and the option to monitor
phase as well as power. This allows the program to be easily adapted to condition different RF structures without the
need for advanced knowledge of the code.

High Repetition Rate Operation
The higher the repetition rate, the faster the cavity will
condition. The Libera system measures the RF pulse amplitude and phase at two directional coupler locations and
the cavity probe, and distributes this data to the control system. NO-ARC should monitor traces at the highest pulse
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RE-OPTIMISATION OF THE ALICE GUN UPGRADE DESIGN FOR THE
500-pC BUNCH CHARGE REQUIREMENTS OF PERLE
B. Hounsell∗1, 2 , M. Klein, C.P. Welsch1 , University of Liverpool, Liverpool, United Kingdom
W. Kaabi, Laboratoire de l’accélérateur Linéaire, Université Paris-Saclay, Orsay, France
B.L. Militsyn1 , T.C.Q. Noakes1 , STFC, Sci-Tech Daresbury, United Kingdom
1 also at Cockcroft Institute, Warrington, United Kingdom
2 also at Laboratoire de l’accélérateur Linéaire CNRS/IN2P3 Université Paris-Saclay, Orsay, France
Abstract
The injector for PERLE, a planned ERL test facility, must
be capable of delivering 500 pC bunches at a repetition rate
of 40.1 MHz to provide a beam with 20 mA average current with a projected rms emittance of less than 6 mm·mrad.
This must be achieved at two different operational voltages
350 kV and 220 kV for unpolarised and polarised operation respectively. The PERLE injector will be based on an
upgrade of a DC photocathode electron gun operated previously at ALICE ERL at Daresbury. The upgrade will add
a load lock system for photocathode interchange. This paper presents the results of a re-optimisation of the electrode
system as ALICE operated with a bunch charge of around
80 pC while PERLE needs a bunch charge of 500 pC. This
re-optimisation was done using the many-objective genetic
algorithm NSGAIII to minimise both the slice emittance and
transverse beam size for both required operational voltages.

INTRODUCTION
PERLE is a proposed energy recovery linac intended as a
test facility for the LHeC [1, 2]. PERLE will operate with
both polarised and unpolarised electrons at 500 pC bunch
charge. To achieve this PERLE will use a DC photocathode
gun based injector. The unpolarised operation mode will use
a voltage of 350 kV to reduce the space charge induced emittance growth. The polarised mode will use a lower voltage
of 220 kV. As it is easier to perform the neccesary spin manipulations on lower energy electrons and to reduce electron
stimulated desorption which produces residual gas which
damages the sensitive GaAs based photocathode needed to
produce polarised electrons.
The injector for PERLE will reuse the ALICE DC electron gun [3]. Previously an upgrade was designed for the
ALICE gun [4]. A modified version of this upgrade will
be performed prior to using the gun for PERLE. One of
the modification to the upgrade will be to change the electrode shapes. This is neccesary due to PERLE’s higher
bunch charge and the need to operate the gun at two different
voltages. A photocathode preparation facility and a load
lock system will be added. This will reduce the downtime
required for photocathode exchange by allowing photocathodes to be exchanged without breaking the gun vacuum. To
mitigate the photocathode damage due to back ion bombard∗
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ment and the reduction in cathode lifetime it causes an anode
bias of +5 kV will be added [5].

PHOTOCATHODES
The choice of photocathode for the PERLE injector is
limited by the requirement for high repetition rate and sufficient bunch charge to deliver high average current. It is
difficult to generate sufficient average laser power with UV
light since existing commercial systems are typically limited to no more than 1-2 W. The most likely laser solution
is a frequency doubled Nd:YAG laser giving 532 nm light
or a frequency doubled Ti:Sapphire laser giving 400 nm
light. Hence the selection is limited to those materials able
to generate electrons in the visible range, typically GaAs
or alkali antimonides. Both these materials are easily contaminated by residual gasses in the vacuum system and thus
impose a requirement on the gun for ultra-high or even extreme high vacuum (UHV or XHV), which fortunately can
be realistically achieved by a DC gun.
Alkali antimonide based photocathodes, whilst still requiring very good vacuum, are less demanding than GaAs
photocathodes and thus are likely to give longer operational
lifetimes before replacement. Caesium antimonide is perhaps the easiest to fabricate and has reported values of QE
are around 4-5% at 532 nm wavelength, which should allow
the necessary bunch charge to be obtained with a laser system
that is available commercially at reasonable cost. Potassium
caesium antimonide materials are harder to grow, particularly with ideal stoichiometry, but have improved QE of up
to 12% [6], which is comparable to GaAs photocathodes at
a similar wavelength. Cathode lifetimes will be dependent
on the vacuum conditions, but would be expected to be at
least a week and possibly more for either Cs3 Sb or K2 CsSb.
STFC have a plan to work on these materials based on a new
deposition chamber that is currently under construction at
Daresbury Laboratory (Fig. 1). The current plan envisages
commencing work with the simpler Cs3 Sb material and then
moving on to K2 CsSb.
If it would be desirable to operate PERLE with spinpolarised electron beam then it would be necessary to use
GaAs based photocathodes as the only practical solution
at the current time. The ALICE injector used GaAs photocathodes throughout its working lifetime and hence there
is considerable knowledge within STFC on the preparation
and use of this type of photocathode [7]. In the ALICE
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PROGRESS ON DESIGN STUDIES FOR THE ISIS II UPGRADE
J.-B. Lagrange∗ , D.J. Adams, H.V. Cavanagh, I.S.K. Gardner,
P.T. Griﬃn-Hicks, B. Jones, D.J. Kelliher, A.P. Letchford, S. Machida, B.G. Pine,
C.R. Prior, C.T. Rogers, J.W.G. Thomason, C.M. Warsop, R.E. Williamson, STFC/RAL, UK
J. Pasternak, J.K. Pozimski, Imperial College, UK and STFC/RAL, UK
C. Brown, Brunel University, UK and STFC/RAL, UK
G.H. Rees, STFC/ASTeC† , UK
Abstract
ISIS, the spallation neutron source at the Rutherford Appleton Laboratory in the UK, uses a 50 Hz, 800 MeV proton
RCS to provide a beam power of 0.2 MW, delivered in 0.4 μs
long pulses. Detailed studies are now under way for a major
upgrade. Accelerator designs using FFAs, conventional accumulator and synchrotron rings are being considered for
the required MW beam power. This paper summarises the
scope of the diﬀerent research incorporating results from
recent target studies and user consultations. Preliminary
results for Fixed Field Alternating gradient (FFA) rings and
conventional rings located in the existing ISIS synchrotron
hall are presented.

INTRODUCTION
The ISIS Facility has been successfully producing world
leading science for 35 years [1]. Studies are now under way
to identify an optimal conﬁguration for a next generation,
short pulse facility “ISIS II” that will build upon experience from existing sources and consultations with users. A
roadmap deﬁning the research, feasibility and design work
required to identify and build an optimal ISIS upgrade has
been established [2]. The roadmap includes an R&D, feasibility and design stage which, on completion in 2027, will
deﬁne the accelerator and target conﬁguration to be built.
A full technical design will follow, ﬁnishing in 2031, when
construction of the facility will begin. Options for a standalone facility or exploitation of existing ISIS infrastructure,
building and utilities to reduce costs will be considered. Current studies focus on reuse of the existing synchrotron hall to
house a new ring. Presently ISIS supplies two target stations:
TS1 (40 Hz) and TS2 (10 Hz). An upgrade route is proposed
whereby the existing TS1 is superseded by a new 1 MW TS3
(40 Hz) and TS2 would be upgraded to 0.25 MW (10 Hz),
while TS1 would be either phased out or further developed.
These schemes imply a new proton driver design, delivering
a 1.2 GeV proton beam with a power of 1.25 MW and a repetition rate of 50 Hz or higher. A new superconducting linac,
accelerating particles to 0.4 or 1.2 GeV, is assumed as an
injector. Conventional accumulator (AR) and synchrotron
(RCS) rings options are ﬁrst reported here, followed by FFA
ring options.
∗
†
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Figure 1: Optics for an RCS lattice option.

RCS AND AR
Ring Options
Design studies are presently focussed on the most constrained case of an RCS with a mean radius of 26 m that
would ﬁt in the existing ISIS hall. Solutions for this should
then be adaptable to the less demanding accumulator ring option. An outline design for a 0.4 - 1.2 GeV, 50 Hz, 1.25 MW
RCS, was summarised in [3]. This indicated essential aspects of the design were feasible, most importantly injection
and beam loss (∼0.2%). It was noted that two such rings
could be stacked in the ISIS hall, giving beam powers of
2.5 MW. Work is now directed at optimising these designs,
and in particular, understanding their intensity limitations.

Figure 2: (Qh, Qv ), (Xh , Xh ) Distributions and Coherent
Beam Moments from Set 2D PIC Study.
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A PLASMONIC NIOBIUM PHOTOCATHODE FOR SRF GUN
APPLICATIONS
F.E. Hannon, Thomas Jefferson National Accelerator Facility, Newport News VA 23662, USA
G. Andonian, L. Halvonik Harris, RadiaBeam, Santa Monica, CA 90404, USA
The typical quantum efficiency (QE) of niobium is of the
order 1e-4, whilst also requiring UV lasers for emission.
This paper presents the results of a plasmonic niobium surface that operates with IR laser via multiphoton emission.

 Develop polishing techniques that would provide a flat
and smooth surface suitable for nano-patterning with
FIB and develop FIB technique for uniform nano-patterning to specification
 Demonstrate multiphoton emission from niobium

INTRODUCTION

RESEARCH PROGRAM

The motivation for the research between RadiaBeam and
Jefferson Lab (JLab) stems from the promise of SRF photoinjectors that can provide CW, high-average current electron bunches [1]. Over the past decade the research has
branched in two directions. One option is to accommodate
a ‘warm’ photocathode within the superconducting cavity,
however this route has presented difficulties with trying to
support the cathode away from the superconducting cavity
to prevent quenching. A common problem with this is multipactor in the cathode support mechanism. The motivation
to overcome these difficulties leads to the second option,
where high quantum efficiency superconducting photocathodes can be used. Using a superconducting material,
such as Nb or Pb, is beneficial because metals make robust,
long lifetime photocathodes. There is no need to support
the photocathode as it can be superconducting itself and sit
snugly in the cavity back wall. The downside is that metals
typically have low QE of the order 1e-4 [2]. Improving the
effective QE, by surface plasmon resonance (SPR) enhancement and increased laser absorption with nano-patterning the cathode, will overcome this deficiency somewhat and present new operating regimes and opportunities
for future photoinjectors.
Recent advances in nano-plasmonics and photocathode
research are the basis for a custom developed, nano-patterned cathode (NPC) surface that demonstrated enhanced
photoemission of MeV electrons in an RF accelerator. It
was shown, in the UCLA experiment, that the charge yield
from the NPC was 100x greater than that of flat copper
with an ultrashort IR drive laser [3]. The cathode with periodic, nano-scaled surface patterns is designed to make
use of the SPR and enhance the multiphoton emission using infrared (IR) photons. Multiphoton emission [4] is the
dominant mechanism of emission for laser light whose
photon energy is lower than the metal work function and is
advantageous for high-intensity laser pulses. The local
field enhancement factor is more dramatic for higher n,
where n is the minimum number of photons required to exceed the work function [5].
The research program focuses on the following areas:
 Modify and recommission an existing SRF gun for use
with a niobium plug photocathode
 Design and build a beamline with the capability of measuring photoemission from the gun in a vertical RF test
dewar
MC3: Novel Particle Sources and Acceleration Techniques
T02 Electron Sources

SRF Gun Performance
The photoinjector is an existing 1.6 cell, 1.3GHz niobium cavity. The cavity has been previously measured at
JLab with a Pb film photocathode, and its twin has been
extensively beam-tested at HZB producing around
35MV/m peak electric field on the cathode in both cases
[6]. The cavity was refurbished with light chemical polishing, a new RF set-up, and was tested at 2K with a handpolished, flat Nb cathode to establish an RF baseline. The
maximum gradient on the cathode was calculated to be
~35MV/m, limited by field emission, as shown in Figure 1.
For this basic demonstration, the gun was tested without all
the ancillary components required for electron beam production and in an inverted orientation.
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Figure 1: Quality factor as a function of electric field on
the cathode.

Cathode Design and Manufacture
The photocathode is situated centrally in the base of the
gun, as shown in Figure 2. The plug is sealed to the gun
with a ring of indium wire, and the flange bolted directly
into the back of the gun to provide a good seal. The original
design combined the flange and plug in one piece. This was
bulky, difficult to seat and would require large pieces of
niobium for several cathodes to be manufactured. The final
design was a small removable puck that would sit on a niobium-titanium flange as shown in Figure 2 (bottom, far
right). Holes drilled around the puck support in the flange
aid with liquid helium flow for cooling in that area. This is
to avoid quench from potential laser heating.
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SYSTEMATIC BENCHMARKING OF A PLANAR (N)UNCD FIELD
EMISSION CATHODE
J. Shao1,∗ , G. Chen2 , M. Schneider3 , K. Kovi4 , L. Spentzouris2 , E. Wisniewski1 ,
J. Power1 , M. Conde1 , W. Liu1 , S. Baryshev3†
1 Argonne National Laboratory, Lemont, IL 60439, USA
2 Illinois Institute of Technology, Chicago, IL 60616, USA
3 Michigan State University, East Lansing, MI 48824, USA
4 Euclid Techlabs LLC, Bolingbrook, IL 60440, USA
ity of planar UNCD cathode and provides large parameters
space for realistic FE-based injector design.

Abstract
Planar nitrogen-incorporated ultrananocrystalline diamond, (N)UNCD, is a unique and attractive field emission
source because of the capability to generate high charge
beam, the simplicity of production without shaped emitters,
and the ease of handling with moderate vacuum requirement.
In the presented study using an L-band normal conducting
single-cell rf gun, a (N)UNCD cathode has been conditioned
to 42 MV/m with a well-controlled manner and reached a
maximum charge of 15 nC and an average emission current
of 6 mA during a 2.5 µs emission period. The systematic
study of emission properties during the rf conditioning process illustrates the tunability of (N)UNCD in a wide range of
surface gradients. This research demonstrates the versatility
of (N)UNCD cathode which could enable multiple designs
of field emission rf injector for industrial and scientific applications.

CATHODE PREPARATION
The cathode plug (28 mm tall and 20 mm in diameter) is
designed as a three-part assembly with an aluminum body,
an aluminum middle piece, and a stainless steal top piece,
as illustrated in Fig. 1. The design meets the installation
requirements of the L-band photocathode rf gun test-stand [2,
6, 7] and enables convenient material synthesis onto the thin
top part. The parts are aligned with each other and assembled
together using internal vented screws. The electrical contact
between the cathode assembly and the rf gun is ensured by
a spring around the cathode body.
hole for transporter
spring groove

INTRODUCTION
The planar UNCD cathode is an attractive field emission
(FE) electron source because of its simplicity and scalability to fabricate and to obtain high current without the
requirement of pre-defined or shaped emitters [1–3] This
is supported by the fact that emission current of planar diamond comes from grain boundaries [4] and UNCD enjoys
the highest grain boundary density within the diamond cathode family. In addition, the planar UNCD cathode is robust
to electric field with moderate vacuum requirement (at the
order of 10−8 Torr). To date, planar UNCD cathodes have
been successfully tested at 20-70 MV/m in normal conducting rf guns [1, 2], at 1 MV/m under cryogenic temperatures
of 2-4 K in a superconducting rf gun [5], and at 1-20 MV/m
in dc setups [3].
This work extends the characterization of UNCD cathodes
from a fixed electric field level to various levels during the rf
conditioning process. Detailed emission properties, including current, field enhancement factor β, effective emission
area Ae , microscopic maximum electric field, current density, longevity, have been recorded as the macroscopic field
was pushed from 8 MV/m to 42 MV/m in a well-controlled
conditioning process. This study demonstrates the versatil∗
†

top
piece

body

Figure 1: Cross section of the cathode assembly. The dark
part of the top piece represents the (N)UNCD material. The
vented screws holding the parts are not shown.
The top piece was first coated with a buffer molybdenum
layer. Then the (N)UNCD material was deposited on top
of it using the microwave-assisted plasma chemical vapor
deposition method [8]. The area covered by (N)UNCD was
18 mm in diameter.
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middle
piece

EXPERIMENTAL SETUP
The experiment was conducted on the Argonne Cathode
Test-stand (ACT) beamline at the Argonne Wakefield Accelerator (AWA) facility [2, 6, 7], as illustrated in Fig. 2. The
ACT beamline equips with a single-cell normal conducting photocathode rf gun operated at L-band 1.3 GHz. The
beamline currently runs at 2 Hz repetition with a full width
half maximum (FWHM) pulse length of 6 µs. ∼227 W input
power is required to obtain 1 MV/m electric field on the flat
TUPTS070
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H+ AND H- ION BEAM INJECTORS AT LANSCE: BEAM PRODUCTION STATUS AND
PLANNED INJECTORS UPGRADES*
I. N. Draganic†, G. Rouleau, D. W. Kleinjan,
Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
Abstract
The Los Alamos Neutron Science Center operates with
two 750 keV Cockcroft-Walton accelerators for simultaneous injection of H+ and H- ion beams into an 800 MeV linear accelerator. The proton ion beam is produced using a
duoplasmatron source and the H- ion beam is formed with
a cesiated, multi-cusp-field, surface converter ion source.
An overview of ion injector status, recent low energy beam
transport (LEBT) line optimizations and ion source performance improvements will be presented.
To reduce long term operational risks and to improve existing LANSCE beam production for all facility users, new
injector upgrades are underway: 1) replacing the H+ CW
injector with a Radio-Frequency Quadruple (RFQ) accelerator and 2) increasing H- ion beam brightness and extending source lifetime using the novel SNS RF negative ion.

H+ ION BEAM INJECTOR
The overall operation of the H+ injector continues to be
relatively reliable and stable. It has been successfully operated for more than four decades at LANSCE. Our positive
beam injector consists of a standard duoplasmatron ion
source, 750 KV high voltage Cockcroft-Walton column
and medium beam energy transport beam line connected to
a merging beam dipole magnet in front of drift tube linear
accelerator (DTL) [1]. The H+ ion beam is accelerated to a
final beam energy of 100 MeV. With an average beam current of 225 uA, the proton beam is currently used by the
Isotope Production Facility to satisfy national needs for radio-pharmaceutical isotopes [2]. The duoplasmatorn proton source was developed by M. Ardenne in 1948 [3]. It
has found implementation in many particle accelerators
around the world (CERN, BNL, LANL GSI...). The source
plasma is created with thermally emitted electrons from the
hot electrode, compressed dually (geometrically and magnetically) and directed towards the anode. The arc discharge produces a very high degree of ionization and high
ion density over 1014 cm-3 in front of the anode [4]. The
anode has a small opening radius of 0.3 mm on the axis of
the source as the plasma expands into the high voltage extraction system. Plasma expansion after the anode orifice
reduces the ion beam density and makes it easier for beam
formation and transport. The LANSCE ion source has a
modified Pierce electrode with direct beam extraction [1].
The extracted proton beams are tuned with different extraction voltages in order to get a very low transverse emittance
___________________________________________
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of 2 x 10-3 π cm mrad [5] for typical H+/H2+/H3+ beam species ratios of 70/25/5 %. Table 1 presents typical working
parameters of the ion source within the medium beam intensity range of 10-25 mA over a range of duty factor that
varies up to 10 %. The duoplasmatron source uses a directcurrent (DC) heated cathode made from a nickel mesh
covered with complex cathode coating materials based on
barium, strontium, calcium oxides and diethyl carbonate.
The LANSCE duoplasmatron has a version of Hull dispenser cathode discovered in 1939 [6] and is well suited
for ion sources, having a demonstrated lifetime of 3 x104
hours. The hot cathode has an operating temperature
around 800 °C. This cathode can achieve very high integrated lifetime in proton beam production at particle accelerators. The duoplasmatron cathode at LANSCE was replaced in August 2016 after seven years in proton beam
production achieving over 36,000 working hours (37.6 A
hours) with a very high availability (~100 %). The barium
eutectic is stable to air or vacuum storage. The cathode surface covered with BaO multi-layers can be vented to atmosphere, even after eight months of beam production, and
then restarted without replacing the cathode or without
long initial outgassing preparation. This is a significant operational advantage.
Table 1: Production Proton Source Parameters
Parameter
Cathode heating
H2 gas flow
Discharge current
Discharge voltage
Magnetic field
Extraction voltage
Proton current
Maximum pulse length
Repetition rate
Duty factor

LANSCE
23.0
0.7
5.9
160
100
21-27
10-21
840
60/120
5-10

Units
A
sccm
A
V
mT
kV
mA
µs
Hz
%

H- ION BEAM INJECTOR
The LANSCE negative beam injector consists of a surface converter ion source, 80 kV extraction column followed with a 3m long two solenoid LEBT, 670 kV high
voltage Cockcroft-Walton (CW) column and 750 keV medium beam energy transport beam line [1]. The LANL Hsurface converter ion source is described elsewhere [7-9].
The present H- ion source uses radial beam extraction and
is configured with two hot tungsten filaments and nominally scheduled to operate for a 4 week period with a duty
factor of 10% [8]. During LANSCE beam production in
TUPTS071
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ANALYSIS OF ELECTRON BEAM DIVERGENCE IN DIAMOND FIELD
EMITTER ARRAY CATHODES*
D. Kim†, R. L. Fleming††, H. L. Andrews, C.–K. Huang, J. W. Lewellen, K. Nichols, V. Pavlenko,
E. I. Simakov, Los Alamos National Laboratory, Los Alamos, USA
B. K. Choi, Cheju Halla University, Jeju Special Self-Governing Province, South Korea

Abstract

This paper describes the design and recent test results of
electron beam divergence and focusing lens studies from a
single diamond emitter. For the divergence measurements,
we designed and assembled a test stand consisting of a
sparse diamond cathode, a mesh anode, and an ZnO:Al2O3
(AZO) screen coated on a sapphire substrate. By assembling a focusing lens between the mesh and the screen, we
focus our diverging beam to a micrometer-scale spot size.
The measured experimental results of the beam divergences and focusing lens studies are compared to the beam
dynamic simulations.

cathode and was slowly brought close to the cathode to induce the field emission. We changed the distance between
the mesh anode and the screen, measured the size of the
beam on the screen, and calculated divergence angle
(α+δθ).

INTRODUCTION

At Los Alamos National Laboratory (LANL), we have
recently established a capability to fabricate diamond array
cathodes for electron beam sources [1, 2]. With nanometer
size emitting areas (10-20 nm radius of tips) and high pertip current (> 15 μA per-tip), diamond field emitter arrays
(DFEAs) are promising cathodes for a dielectric laser accelerator (DLA). However, the large beam divergence may
represent a challenge to match a dielectric accelerator microstructure [3]. Thus, the present study is conducted to determine the electron beam’s divergence angle and demonstrate focusing to a small spot size using variable focusing
lens in order to fit the beam into the DLA cavity structure
[1].

BEAM DIVERGENCE MEASUREMENT

Experimental and Simulation Setup for Beam
Divergence Studies

Figure 1 shows a schematic of the beam divergence
study and real images for the needle cathode, the mesh anode, and the ZnO:Al2O3 (AZO) screen in the experiment.
The fabricated diamond cathode has about 10 nm radius
nanotips [Fig. 1(b)] on the top of the 20 μm base pyramids
and is mounted on the cathode holder. A negative voltage
of 40 kV is applied to the cathode. The mesh plate with an
aperture diameter of 9.52 mm [Fig. 1(c)] and the conductive AZO screen [Fig. 1(d)] are mounted separately on
movable stages. Both the mesh plate and the screen are
connected to ground through 20 kΩ resistors. We measure
the voltages across the resistors to calculate the total emission current. Initially, the mesh anode was 15 mm from the
___________________________________________
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Figure 1: (a) A schematic of the experimental setup (b) The
diamond nanotip, (c) the mesh anode, and (d) the AZO
screen.
We also conducted beam dynamics simulations using
Computer Simulation Technology [5] (CST) Studio and
General Particle Tracer [6] (GPT) codes. Based on measured sizes of the fabricated pyramids, we simulated a 20
and 10 μm base single pyramid with a nanowire tip shape
(250 nm height and 10 nm tip radius) and calculated electrostatic fields with CST studio. The electric field profiles
from CST studio were imported to accelerate electrons in
GPT. The electrons were initially uniformly distributed
along the hemisphere shape of 10 nm radius.

Experimental Results and Comparison to the
Simulation
As shown in Fig. 2(a), the measured divergence angles
were dependent on both the anode-cathode (AK) gap, as
well as the base size of the pyramids. The divergence angles did not show much dependence on the base size of the
pyramids.
Figure 2(b) shows that the divergence angles remained
the same with a constant AK gap when the applied voltage
was changed. In the simulation, the voltage between the
MC3: Novel Particle Sources and Acceleration Techniques
T02 Electron Sources
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RF DESIGN OF APEX2 CAVITIES
T. Luo∗ , H. Feng1 , D. Filippetto, M. Johnson, A. Lambert, D. Li, C. Mitchell,
F. Sannibale, J. Staples, S. Virostek, R. Wells
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Abstract

APEX2 is a proposed high repetition rate, high brightness electron source based on continuous-wave normal conducting RF cavities, aiming to further extend the brightness performance for Free Electron Laser and Ultra-fast
Electron Diffraction/Ultra-fast Electron Microscopy beyond
APEX. APEX2 photo-electron gun cavity consists of two
162.5 MHz RF cells, one Gun Cell for generating photoelectrons and one 2nd Cell for further accelerating the beam.
Both cells adopt the re-entrant structure similar to APEX.
In this paper, we present the RF design of the APEX2 cavity.
A novel cavity design method based on Multi-Objective Genetic Algorithm has been implemented. A design that fulfills
the requirements of both beam dynamics and engineering
feasibility has been achieved.

INTRODUCTION

The high brightness, high repetition rate electron source
is the key component for several scientific applications,
such as X-ray Free Electron Laser (XFEL) and Ultra-fast
Electron Diffraction/Microscopy (UEM/UEM). In the Advanced Photo-injector EXperiment (APEX) at Berkeley Lab,
a photo-electron gun based on a normal conducting quarterwave RF cavity operated at Very-High-Frequency (VHF)
185.7 MHz (1/7th of 1.3 GHz), has been designed, manufactured and successfully commissioned [1]. An electron
injector almost identical with APEX has been produced as
the injector for the Linac Coherent Light Source II (LCLSII).
Based on the success of APEX, a new project named
APEX2 [2] has been initiated at Lawrence Berkeley National Laboratory. APEX2 aims at further extending the
performance of normal conducting gun technology for high
brightness high repetition rate electron source.

modes and the RF field properties with E M field solvers. In
this case, we use 2D solver SUPERFISH [4] due to its fast
speed and built-in post-processing functions. The relevant
RF properties and cavity geometry parameters constitute
the figure of merit vector M = {m1, m2, ...}, where the mn
represent the cavity frequency f , cathode launching field
Ecathode , cavity radius R, etc..
As a multi-objective optimization problem, a cavity RF
design can be formatted into searching for geometries Gs
that
Minimize oi (G), i = 1, 2, ...;
while are subjected to c j (G) ≤ 0, j = 1, 2, ...;
gnL

< gn <

(1)

gU
n,

where the objective vector O = {o1, o2, ...} and the constraint
vector C = {c1, c2, ...} are derived from M, while the gnL
and gU
N are respectively the lower and upper limit of gn .
The optimization result is a group of geometries G1, G2, ...,
which are non-dominant over each other. Together they
make up the Pareto front in the objective phase space. A
final geometry is chosen from the Pareto front based on
further considerations. Many MOGA algorithms have been
developed and implemented in different applications. In
this paper we use Non-dominant Sorting Genetic Algorithm
II (NSGA-II) [5] for its well-tested performance and high
efficiency.
MOGA is naturally suited for parallel computing. We
parallelized the NSGA-II with Multiple Passage Interface
and carried out the computation on a 12-core local Windows
workstation. For a population of 720, it takes about 48 hours
to finish the calculation of 200 generations.

DESIGN OF 162.5 MHz APEX2 RF CAVITY

tluo@lbl.gov

A 162.5 MHz two-cell cavity is chosen as the baseline for
APEX2. The choice of the frequency allows compatibility
with other frequencies frequenctly used in LINAC cavities (
i.e. 325 MHz and 650 MHz for XFEL). Compared to APEX
(185.714 MHz), the lower frequency also helps reduce the
surface resistance and therefore the power density. With high
E cathode , the Gun Cell generates high current, high brightness
electron beam while providing an output energy similar to
the APEX gun. The 2nd Cell provides further acceleration
up to 1.5 MeV. Both cells are of re-entrant structure similar
to APEX. The RF coupling between two cells is negligible,
so they can be operated separately.
The RF design is intentionally kept similar to the APEX
gun, which has already demonstrated several key operating

TUPTS076
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MULTI-OBJECTIVE GENETIC
ALGORITHM FOR CAVITY DESIGN

The requirements on Ecathode and V, along with constraints from power considerations, engineering feasibility and beam dynamics requirements, impose considerable
challenges on the APEX2 cavity RF design. A novel design method based on Multi-Object Genetic Algorithm
(MOGA) [3] has been developed and applied on APEX2.
The cavity geometry is described by a vector G =
{g1, g2, ...}, where the gn represents the geometric parameters. Once G is given, we can calculate the cavity eigen∗
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Abstract

We present the design of a high-gradient electron gun.
The goal of this gun is to generate relativistic electrons using
GV/m accelerating fields. The initial design is a standingwave field-emission gun operating in the π-mode with a
cavity frequency of 110.08 GHz. A pulsed 110 GHz gyrotron oscillator will be used to drive the structure with
power coupled in through a TM01 circular waveguide mode.
The gun is machined in two halves which are bonded. This
prototype will be used to characterize the electron beam and
study RF breakdown at 110 GHz.

INTRODUCTION

The development of high-gradient accelerators is motivated by a need for new sources of high-energy particles.
Applications including ultrafast electron diffraction (UED)
and next-generation colliders require high-brightness electron sources. Using high-gradient technology to create these
sources allows for improved performance with a smaller
footprint than current accelerators.
In normal-conducting RF accelerating cavities, RF breakdown limits the achievable gradient. Studies of RF breakdown in copper structures have been conducted at X-band
[1–5], Ku-band [6], and Ka-band [7–9], providing valuable
insight into how RF breakdown behavior varies with frequency. Recent work has extended these studies to the mmwave range [10–13]. Together, the results of these studies
indicate scaling to THz frequencies may provide a pathway
to GV/m accelerating gradients.
This work presents initial designs for an electron gun
based on high-gradient mm-wave accelerating structures.
The field emission-type gun will utilize 110 GHz cells to
ultimately produce 1 MeV electrons with GV/m accelerating
fields.

ELECTRON GUN OVERVIEW

We have developed two W-band standing wave gun designs. The first is a 2.5 cell structure with similar dimensions
to W-band structures developed for high-gradient testing
(see [12–14]). The second design uses two smaller cells
with no half cell. Both structures support TM01 π-mode
acceleration at roughly 110.08 GHz and use on-axis coupling from a TM01 circular waveguide mode. The guns
will be fabricated from copper using split-block machining.
∗
†

Substantial work has already been performed to study the feasibility of applying the split-block process to high-gradient
THz structures [15].
Both guns are designed to use a small diamond pyramid
as the field emitter. The pyramid is part of an array of tips
on a diamond square which is brazed to a metal substrate.
These diamond tip arrays have been studied as field emitters
at 1.3 GHz and optical wavelengths [16–18]. A scale model
of an example tip array is shown in Fig. 1.

Figure 1: Model of a 9x9 tip array with 1 mm spacing and
20 µm pyramids on a 1 cm copper substrate.
The structures will be tested using a 110 GHz gyrotron.
The gyrotron beam power is coupled into the structure
through a Guassian horn followed by a mode converter. Details of this test setup are discussed in [12, 13]. Currently
the gyrotron supplies up to 1 MW of RF power, but future
work will include the development of a pulse compressor to
reach higher power.

PROTOTYPE SIMULATIONS
Full 2.5 Cell Structure
The 2.5 cell structure is tuned such that the on-axis electric
field is highest in the half cell. The diamond pyramid sits
at the end of a short beam pipe in order to limit the surface
fields on the tip. The structure was simulated in HFSS [19]
and the field distribution of the design mode is shown in
Fig. 2. The frequency of the mode is f = 110.0775 GHz
with S11 = −39.5 dB. A simple single particle model of
acceleration predicts that this structure will produce order
MeV electrons with 2.75 MW of input power. A plot of the
sampled electric field and the resulting particle energy is
shown in Fig. 3.

Two Cell Structure
This work was supported by Department of Energy contract DE-AC0276SF00515. This work was also supported by NSF grant PHY-1734015.
smlewis@slac.stanford.edu

TUPTS077
2098

This structure eliminates the half cell and uses the iris of
the first cell to keep the diamond tip in a lower field region.
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COHERENT ELECTRON COOLING EXPERIMENT AT RHIC: STATUS
AND PLANS *
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Abstract
We present currents status of the CeC experiment at
RHIC and discuss plans for future. Special focus will be
given to unexpected experimental results obtained during
RHIC Run 18 and discovery of a previously unknown type
of microwave instability. We called this new phenomenon
micro-bunching Plasma Cascade Instability (PCI). Our
plan for future experiments includes suppressing this instability in the CeC accelerator and using it as a broad-band
amplifier in the CeC system.

INTRODUCTION
An effective cooling of ion and hadron beams at energy
of collision is of critical importance for the productivity of
present and future colliders. Coherent electron cooling
(CeC) [1] promises to be a revolutionary cooling technique
which would outperform competing techniques by orders
of magnitude. It is possibly the only technique, which is
capable of cooling intense proton beams at energy of 100
GeV and above.
The CeC concept is built upon already explored technology (such as high-gain FELs) and well-understood processes in plasma physics. Since 2007 we have developed a
significant arsenal of analytical and numerical tools to predict performance of a CeC. Nevertheless, being a novel
concept, the CeC should be first demonstrated experimentally before it can be relied upon in the up-grades of present
and in the designs of future colliders.
A dedicated experimental set-up with FEL amplifier,
shown in Fig. 1, has been under design, manufacturing, installation and finally commissioning during last few years
[2-4]. The CeC system is comprised of the SRF accelerator
and the CeC section followed by a beam-dump system. It
is designed to cool a single bunch circulating in RHIC’s
yellow ring (indicated by yellow arrow in Fig. 1). A 1.25
MeV electron beam for the CeC accelerator is generated in
an 113 MHz SRF quarter-wave photo-electron gun and
first focused by a gun solenoid. Its energy is chirped by two
500 MHz room-temperature RF cavities and ballistically
compressed in 9-meter long low energy beamline compromising five focusing solenoids. A 5-cell 704 MHz SRF
___________________________________________
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linac accelerates the compressed beam to 14.5 MeV. Accelerated beam is transported through an achromatic dogleg
to merge with ion bunch circulating in RHIC’s yellow ring.
In CeC interaction between ions and electron beam occurs
in the common section, e.g. a proper coherent electron
cooler. The CeC works as follows: In the modulator, each
hadron induces density modulation in electron beam that is
amplified in the high-gain FEL; in the kicker, the hadrons
interact with the self-induced electric field of the electron
beam and receive energy kicks toward their central energy.
The process reduces the hadron’s energy spread, i.e. cools
the hadron beam.
Finally, the used electron beam is bent towards an aluminum high-power beam dump equipped with two quadrupoles to over-focus the beam.

STATUS
The CeC accelerator SRF system uses liquid helium
from RHIC refrigerator system, which operates only during RHIC runs. The commissioning of the CeC accelerator
was accomplished during RHIC 15-18 runs. Electron beam
parameters at the design level or above, except the beam
energy, had been successfully demonstrated except – see
Table 1 [5-13,20]. Accordingly, we had adjusted the ion
beam energy to 26.5 GeV/u to match relativistic factors
with that of electron beam.
Our attempt to demonstrate cooling during RHIC run 18
was not successful. While the attempt was hindered by a
number of technical problems beyond control of the CeC
group, the main reason for our inability to demonstrate
cooling was excessive noise in the electron beam at frequencies ~ 10 THz (wavelength ~ 30 μm). This was definitely unexpected result: all simulation in-depth simulation
using standard accelerator physics codes (PARMELA, ASTRA, GPT, Elegant, etc.) predicted that there will be no
instabilities in the electron beam transport from the gun to
the FEL amplifier. Our experiment proved this assumption
to be wrong when we were unable to observe expected
strong “imprint” from ion beam in the radiation power of
the electron beam. This puzzle was not resolved till the end
of regular RHIC run with ion beam in mid-June 2018. We
took advantage of availability of LiHe during the summer
for commissioning of Low Energy RHIC electron Cooler
TUPTS078
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OVERCOMING MULTIPACTING BARRIERS IN SRF PHOTOINJECTORS
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Brookhaven National Laboratory, Upton, Long Island, New York, USA
1 also at Stony Brook University, Stony Brook, Long Island, New York, USA
Abstract
Superconducting RF (SRF) photoinjectors are considered
to be a potential breakthrough in the area of high brightness
electron sources. However, there is always the very important question of the compatibility of SRF cavities and high
quantum eﬃciency (QE) photocathodes. A deposition of active elements from high QE photocathodes on the surface of
a cavity makes it more vulnerable to multipacting (MP) and
could aﬀect the operation of an SRF gun. On the other side,
MP can signiﬁcantly reduce the lifetime of a photocathode. It
is well known in the SRF community that a strong coupling,
high forward power and suﬃcient cleanliness of cavity walls
are the key components to overcome a low-level MP zone.
In this paper we present a theoretical model of passing a MP
barrier which could help estimate the desirable conditions
for successful operation of an SRF gun. We demonstrate
our results for the 113 MHz SRF photo-injector for Coherent electron Cooling (CeC) alongside with the experimental
observations and 3D simulations of the MP discharge in the
cavity. The results of the theoretical model and simulations
show good agreement with the experimental results, and
demonstrate that, if approached carefully, MP zones can be
easily passed without any harm to the photocathode.

demonstrates the cross-section of the gun cavity and its major components: fundamental power coupler (FPC), cathode
stalk and the cathode itself. The hollow FPC is located in
the front of the cavity and allows for the propagation of the
generated beam outside the cavity. The FPC couples power
into the the gun from a 4 kW RF transmitter and additionally
provides for a ﬁne tuning of the resonant frequency. The
CsK2 Sb photo-cathode deposited on a molybdenum puck
operates at room temperature, while the gun cavity operates at liquid helium temperature of 4 K. The cathodes are
inserted into the gun using an ultra-high vacuum (UHV)
transport system into a hollow stainless steel cathode stalk,
which also serves as a half-wave RF choke with a pick-up
antenna located outside of the gun cryostat.

CEC POP SRF PHOTOINJECTOR
The superconducting 113 MHz photoinjector is the essential part of the electron accelerator for the Coherent electron
Cooling [1] Proof-of-Principal (CeC PoP) experiment at
Brookhaven National Laboratory [2]. During the last couple
of years, it has successfully delivered high-charge electron
bunches with up to 10 nC per bunch, and demonstrated an excellent performance with the cathodes operating for months
without signiﬁcant loss of quantum eﬃciency [3].

Figure 1: Simpliﬁed geometry of the CeC PoP SRF photo
injector.
The gun is based on Quarter Wave Resonator (QWR)
and operates at 1.25 MV of accelerating voltage. Figure 1

MC3: Novel Particle Sources and Acceleration Techniques
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Figure 2: Experimentally observed oscillations of the cavity
voltage around the lower MP bound of 20 kV (top plot). The
bottom plot shows the pulse of the forward (black) and reﬂected (red) power, which also demonstrates the oscillations
due to the electron avalanche build up.
Even though the gun demonstrated an excellent performance in terms of the delivered beam parameters, the journey towards this achievement was not always ﬂawless. In
the beginning of 2017, we observed a signiﬁcant multipacting (MP) activity in the gun, which was extensively studied
experimentally and through numerical simulations [4]. The
CW conditioning results for the FPC showed a signiﬁcant
vacuum activity at the gun voltage of about 120 kV, and
at the voltages above 300 kV. We also observed a number
of low level MP barriers at about 2 kV, 20-27 kV, 30 kV
and 40 kV, which corresponded to the build up of the MP
electrons in the front rounding of the cavity. An example of
a MP event is shown in Fig. 2.
In order to understand the system requirements which
would eliminate the MP problem when turning on the gun,
we decided to take a diﬀerent approach, and analyze the com-
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Abstract

APEX2 is a proposed normal conducting radio-frequency
d s
(RF) electron gun operating in the very high frequency
(VHF) range in continuous wave (CW) mode, designed to
drive applications that require both highcathode
beam brightness
and high repetition rate, such as free electron lasers (such as
LCLS-II-HE), ultra-fast electron diffraction,
and microscopy.
cell 1
cell 2
The gun consists of a two-cell RF cavity operating at 162.5
MHz with a cathode field of 34 MV/m, together with an
embedded focusing solenoid. We study the beam dynamics
in an APEX2-based photoinjector (up to 20 MeV), targeting
a transverse 95% beam emittance of 0.1 µm at 12.5 A peak
current for the case of 100 pC charge for FEL applications.
The high cathode field leads to enhanced beam brightness,
while the increased gun exit energy of 1.5 MeV reduces the
effects of space charge, and possibly eliminates the need
for an RF buncher. The embedded solenoid is designed to
control the transverse beam size while minimizing emittance
growth due to geometric aberrations. As a result, the transverse beam performance targets are achieved, and ongoing
work will further optimize longitudinal beam quality for
downstream FEL transport.

d
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Figure 2: On-axis field profiles from the cathode through the
gun exit. (Red) Accelerating fields. (Blue) Focusing fields.
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CELL 2

The primary purpose of these studies was to to aid in selection of the APEX2 gun configuration (comparing single-cell,
double-cell shared wall, and split double-cell options) and
element spacings (parameters d and s in Fig. 2) based on
achieving optimal beam quality in a simple photoinjector.
Figure 3 illustrates the layout used, which is a modification
of the experimental APEX injector layout [3]. Three 7-cell
normal-conducting 1.3 GHz cavities are used to accelerate
the beam to an energy of 15-20 MeV. Previous studies inTest layout and target beam parameters for
dicated that similar emittance and peak current could be
APEX2 GUN
AND
PHOTOINJECTOR
RF
Design
complete, comparison
with
APEX
obtained with
or without
the use of
an RF buncher
[4], so studies
APEX2
beam
dynamics
for these studies, the APEX RF buncher section has been
Figure 1 illustrates
the
current
APEX2
gun
design,
con3D modeling to include vacuum APEX-like
slots, RF
coupler,
photoinjector
layout:…
sisting of two 162.5 MHz RF cells with embedded bucking removed.
• Further'op*mized'cell'geometries'(2D):'
Multipacting studies
and focusing
solenoids. The cells are optimized to achieve
GUN SOL1
SOL2%
CAV2
SOL3
CAV1
CAV3
ellip*cal'curves'to'further'reduce'peak'
a peak cathode
accelerating
field
of
34
MV/m,
while
mainsurface'ﬁeld'and'peak'power'density;'
taining acceptable
wall power density and providing a beam
• Itera*ons'with'beam'dynamics'and'
SOL0
engineering'designs;'
kinetic energy
of 1.5-2.0 MeV. Details of the RF and meGun cell
2 cell
Mul*pac*ng'simula*on'studies'
chanical• gun
design are described elsewhere [1, 2]. Figure 2
illustrates the resulting fields along the axis in the gun region.
Parameters
Gun cellelement
2nd cell
APEX
fixed element
variable
The focusing field of the embedded solenoid penetrates into
spacing
spacing
the gap of the second cell, while a bucking solenoidFrequency
is used(MHz)
162.5
162.5
185.7
Figure
used for studies of beam
to zero this field at the cathode.
Cavity inner radius
R (cm) 3: Photoinjector
39.3
39.1layout 36.0
• Optimization carried out for a fixed charge of 100 pC.
dynamics up38.7
to an energy
MeV.
Cavity length L (cm)
36.0 of ∼2035.0
nd

• Goals:
2.5
4.6
4.0
• Cavity geometry selection based on best performance
Beam Iris r (cm)
1.0
1.0
1.5
Table 1 •lists
beam performance
targetsMeV
motivated
by by LCLS-II-HE)
Emittance
< 0.1 µm1.5
at 15-20
(motivated
Operation mode free electron
CW
CW
laser current,
(FEL) applications
LCLS-II• Peak
HOM*CWsame (such
as for as
APEX
optimization (>12 A,
Gradient at cathode
(MV/m)
(30)focus beam
19.5on
HE).
Here,•34
our
isN/Aprimarily
the gun
transverse
emitElectron
energy
at the
exit ≥ 1.5MeV
Accelerating Gap (cm)

Gun cell

2nd cell

Energy gain V (kV)tance.

(724)
750 beam quality, we use
As a820measure
of820
longitudinal
37.0
(33)
24.7
24.0
the higher-order momentum spread, defined as σp̂ , where
Long narrow
Bucking
Cathode
solenoid
solenoid
rms
momentum
afteraremoving
linear
quadratic
correlations.
Power (kW)
(70.6)
88.5 andfit
p̂ =*Longitudinal
pz − p90.7
withspread
pz85.4
(z)
quadratic
to the
longitudinal
z (z),
Max. power density
(w/cm2space
)
32.1
(25)longitudinal
29.8
22.8
phase
(the
rms
momentum spread after
[5].
Figure 1: Schematic of the APEX2 162.5 MHz CW RF gun removing linear and quadratic correlations)
13
structure with embedded solenoids.
Emax (MV/m)

BEAM PERFORMANCE OPTIMIZATION

∗

ChadMitchell@lbl.gov

MC2: Photon Sources and Electron Accelerators
T02 Electron Sources

p

A multi-objective genetic algorithm coupled with Astra
[6, 7] was used to tune injector settings to find a nominal

TUPTS080
2109

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS083

SIMULATIONS AND EXPERIMENTAL PLANS FOR A
HIGH-REPETITION-RATE FIELD-ENHANCED CONDUCTION-COOLED
SUPERCONDUCTING RF ELECTRON SOURCE ∗
O. Mohsen1† , A. McKeown1 , D. Mihalcea1 , R. C. Dhuley2 , M. I. Geelhoed2
V. Korampally1 , P. Piot1,2 , I. Salehinia1 , J. C. T. Thangaraj2
1 Northern Illinois University, DeKalb, IL 60115, USA
2 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

We present a novel RF design for a field enhanced electron source driven by field emission cathodes. The proposed
electron source relies on the enhanced high electric field gradients at the cathode to simultaneously extract and accelerate
electrons. The system will be tested in a conduction-cooled
superconducting radio-frequency cavity recently demonstrated at Fermilab. In this paper, we present electromagnetic and thermal simulations of the setup that support the
feasibility of the design.

INTRODUCTION
Recent developments in Superconducting RadioFrequency (SRF) technology are foreseen to be the pathway
for lower costs and higher performance accelerators [1].
Higher quality-factor structures will lower the cost of
both cryogenic infrastructure and operation [2]. New
technologies in cryogenic cooling can eliminate the
use of cooling fluids and replace it with a simpler, less
space-equipping cryocoolers [3, 4]. A key component in
enabling the production of high-quality beams at low cost
and with compact footprints is the electron source. Electron
sources, when coupled to SRF, form the main component
of the accelerator. Specifically, the design and operation
of SRF electron source have so far exclusively relied on
the use of photoemission with a low field on the cathode
[5]. The use of photoemission sources requires complicated
laser system, increasing the cost and the size of the design.
Field Emission (FE) offers an appealing alternative due to
its simplified setup. Likewise, FE occurs when emitted
surfaces are exposed to strong electric fields. In this
paper, we present the electromagnetic design and thermal
analysis of an experiment aimed at testing the performance
of field-emission cathodes in a high repetition-rate SRF
electron source.

CONCEPTUAL DESIGN
The overall design of the proposed electron source is
based on 650 MHz single cell elliptical cavity presented in
∗

†
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Fig. 1(a). The single cell is flanked with 50 mm beam pipes
with flanges attached on each side. The flanges incorporate
auxiliary instrumentation including an excitation antenna
and an electromagnetic-field probe. Since the fields in the
beam pipes are decaying fields, the cavity is not ideal for
the emission of a high-quality electron bunch. To overcome
this limitation, a cylindrical rod with its extremity located in
the high-field region is adapted; see Fig. 1(b). The addition

0.2

r (cm)

Abstract

a)

b)

0.1
Lr

%r

0.0
0.0

z (cm) 0.5 0.0 z (cm) 0.5
d)
c)
E(r, z)

B(r, z)

Figure 1: Geometry of the nominal (a) and modified cavity (b) associated with electromagnetic fields [(c) and (d)
respectively]. In (c) and (d) the upper and the lower plots
corresponds to the normalized electric and magnetic field,
respectively.
of the cylindrical rod in the cavity allows the cavity fields
on the cathode surface located at the rod extremity. The
experimental setup available includes a cryocooler and a
solid-state low-level radio-frequency (LLRF) system used to
excite the fields. The LLRF setup operates in CW mode at a
central frequency of 650 MHz with a full-width bandwidth
∆ f =5 MHz. The cooling capacity of the cryocooler is
limited to 1.6 W. Hence, the power dissipated by the formed
electron beam should be maintained to a low level.

ELECTROMAGNETIC SIMULATION
For the nominal and the modified cavity, the electromagnetic simulation were performed using superfish [6] and
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PERFORMANCES OF SILICON-BASED FIELD-EMISSION CATHODES
COATED WITH ULTRANANO CRYSTALLINE DIAMOND∗
O. Mohsen1† , A. Lueangaramwong1 , S. Valluri1 , R. Divan2 ,
V. Korampally1 , A. Sumant2 , P. Piot1,3 ,
1 Northern Illinois University, DeKalb, IL 60115, USA
2 Argonne National Laboratory, Argonne, IL 60439, USA
3 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
EXPERIMENTAL SETUP

Abstract
Field-emission electron sources have been considered as
possible candidates for the production of bright or highcurrent electron bunches. In this paper, we report on the
experimental characterization of silicon-based field-emitter
arrays (FEA) in a DC high voltage gap. The silicon cathodes
are produced via a simple self-assembling process. The
measurement reported in this paper especially compares
the field-emission properties of a nanostructured and planar
diamond-coated Si-based cathode.

INTRODUCTION
Field Emission (FE) [1], i.e., the macroscopic manifestation of electron tunneling through a potential barrier associated with a surface subjected to a high electric field, offers
a promising alternative to other electron-emission mechanisms. FE can originate from nanoscale single emitters
and is capable of supporting the emission of bright close-toquantum-degenerate electron beams. Likewise, structured
cathodes consisting of a large number of such emitters [arranged as “field-emitter arrays" (FEAs)] provide a path toward the realization of rugged high-current electron sources.
In the latter application, one of the advantages of FE is its
natural bunching in the presence of a time-dependent electric field [2]. The FE process is classically described by the
Fowler-Nordheim (F-N) equation [1]
j = A(ϕ)[βe E]2 e

−B(φ)
βe E

,

(1)

where A(ϕ) and B(ϕ) depend on the work function ϕ of the
material, βe is the field enhancement factor and E is the
applied electric field. This paper reports on experimental
measurements of FEAs made from nano-engineered Si cathodes. We especially explore the impact of coating the cathode with a Nitrogen doped ultra-nano-crystalline diamond
(N-UNCD) layer [3, 4].
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The experiments were performed in an ultra-high vacuum
(UHV, ∼ 10−8 Torr) DC gap diagrammed in Fig. 1. The
FE cathode is glued on a grounded staleness steal mount using conductive UHV-compatible epoxy (from Accu-Glass
Products, Inc). An insulating cylindrical spacer made from
Polyphenylene sulfide (from Techtron ®), is used to control
the gap between the anode and the cathode. The part of
the spacer facing the anode has a smaller inner diameter of
thereby covering the edges of the cathode to avoid possible
spurious emission from the peripheral region of the silicon
wafer.

Figure 1: Schematic of the setup used in our experiments.
The anode-cathode gap can be varied by changing the cylindrical insulator.
Cylinders with different lengths (100 µm to 500 µm) were
machined to provide a way to change the cathode-anode gap
size. A high voltage (HV) power supply (Model:PS375 by
Stanford Research Systems) is used to apply a voltage
between the cathode and the anode. The current is recorded
using a picoammeter (Model:6485 by keithley). More
technical details about the setup are available in Ref. [5].
In this paper, we considered two cathodes. Both cathodes
consist of an n-type ⟨111⟩ Silicon-wafer base coated with
Nitrogen-doped UNCD (N-UNCD). The referenced cathode consists of an N-UNCD-coated planar Si wafer (henceforth referred to as “Planar") while the other cathode is
nano-engineered to provide an ordered FEA consisting of
sharp tips with sub-micron periods (henceforth referred to
as “FEA cathode"). The FEA cathode is prepared from selfassembled monolayers of 1.18 µm Silica spheres deposited
on the Si wafer. The spheres form a mask to structure the
wafer via etching processes. A first anisotropic profile is
performed with chlorine. A reactive-ion etching process
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DESIGN STUDY OF 3.6-CELL C-BAND
PHOTOCATHODE ELECTRON GUN*
Wencheng Fang†, Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, China
Lin Wang1, Shanghai Institute of Applied Physics, Shanghai, China
Zhentang Zhao, Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, China
1
also at University of Chinese Academy of Sciences, Beijing, China
Abstract
A C-band photocathode injector composed of a 3.6-cell
C-band photocathode RF gun and two 1.8-meter C-band
accelerating structures is proposed. The injector is a low
emittance electron source for Free Electron Lasers (FEL)
and other compact light sources. The RF structure of the
cavities is designed with 2D SUPERFISH simulation. The
Beam dynamic study in ASTRA helps rectify the 2D RF
simulation. To feed the cavities, a design of extra coaxial
coupler with RF gun structure is presented. With compact
focusing solenoids, for 0.25nC bunch charge, the final energy can reach 6.9 MeV energy and the 95% emittance can
be as low as 0.23 mm mrad (95%). All the details of RF
design and beam dynamics studies are presented in this paper.

INTRODUCTION
The requirements of low emittance electron beam for
FEL [1, 2], UED and UEM [3, 4] have made the photoinjector a promising source in the past several tens of
years. Typical photoinjector in these facilities is based on
S-band 1.6-cell gun [5] with gradient around 100MV/m
and a section of S-band linac with total length about 10
meters. However, C-band RF technology can achieve
higher gradient for photoinjector, thus producing higher
quality electron beam with small emittance, as well as more
compact scale which is about the half of S-band photoinjector.
A new C-band photoinjector based on 3.6 cells C-band
photocathode gun is proposed for lower emittance injector.
The gradient of 150MV/m which higher than that of the Sband RF gun is crucial to enhance electron emission on the
cathode by overcoming space charge limitation. Therefore,
the size of laser spot could be smaller, which results in
lower the major characteristic of the beam normalized
emittance in a photoinjector -- thermal emittance [6]. Following the C-band RF gun, two accelerating structures as
booster can accelerate beam to the energy of 124MeV. The
total length of the boosters is less than 5 meters -- only half
of the S-band photoinjector.
The C-band RF photoinjector will be developed as the
back-up photoinjector for SXFEL facility in the future.
This paper describes the conceptual study and design considering beam dynamics and RF design.

2D RF DESIGN FOR BEAM DYNAMICS
The design of the 3.6 cells C-band RF photocathode gun
started with 2D SUPERFISH [7] simulation. SUPERFISH
not only calculating mode frequency and mode separation
MC2: Photon Sources and Electron Accelerators
T02 Electron Sources

of C-band RF gun, but also producing field maps for ASTRA simulation. The gun is operated at π mode with
5712MHz, and the electromagnetic field is presented in
Fig. 1. The 3.6-cell gun has four electromagnetic
eigenmodes in total, and each with one different frequency.
The beam stability could be affected by the mode coupling
between π mode and the mode that close to the π mode, like
the mode of 5706.4MHz in Fig. 1. In order to reduce the
mode coupling, the C-band gun is designed to apply a
larger aperture to expand mode separation. However, larger
aperture reduces impedance, resulting in a lower power efficiency. The aperture diameter is optimized to 15mm to
make compromise between mode separation and impedance. In Fig. 2 frequency separation between π mode
(5712MHz) and the close mode (5706.4MHz) is 5.6MHz,
which is about 10 times of 550kHz as the FWTH of π
modes. This design could reduce the mode coupling to a
very low level that the impact on the emittance growth
could be neglected.

Figure 1: field distribution of π mode (upper) and frequency for four different modes (lower).

BEAM DYNAMICS STUDIES OF
C-BAND PHOTOINJECTOR
The layout of C-band photoinjector comprising of the Cband 3.6-cell gun and two C-band accelerating structures
is presented in Fig. 2. The optimization will find out optimum parameters including the current and position of solenoid and the gradient of accelerating structure. The injec-
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SNS PROTON POWER UPGRADE STATUS*
M.A. Plum, D.E. Anderson, C.N. Barbier, M.S. Champion, M.S. Connell, J. Galambos,
M.M. Harvey, M.P. Howell, S.-H. Kim, J. Moss, B.W. Riemer, R.W. Steffey,
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

Abstract
The Proton Power Upgrade (PPU) project at the Oak
Ridge Spallation Neutron Source (SNS) aims to double the
beam power capability of the accelerator, from 1.4 to 2.8
MW. This will be done by a 30% increase in beam energy
(from 1.0 to 1.3 GeV), and a 50% increase in beam current
(from 25 to 38 mA averaged over a macropulse). The project is now well underway, after receiving approval to start
preliminary design in April 2018. In this paper we will discuss recent technical developments in the project, including the warm linac RF system upgrade, a new topology for
the high voltage converter modulators, and recent changes
in the accumulator ring project scope.

INTRODUCTION

The SNS facility [1] accelerates 60 Hz, 1-ms long, H- ion
beam pulses to 2.5 MeV in a Radio Frequency Quadrupole
(RFQ), to 87 MeV in a Drift Tube Linac (DTL), to
186 MeV in a Coupled Cavity Linac, and finally to 1 GeV
in a Superconducting Linac (SCL). The pulses are then
compressed to ~700 ns in an accumulator ring before directing them to a liquid mercury neutron spallation target.
Construction was completed in 2006, followed by a
beam power ramp up to the design value of 1.4 MW, which
was achieved at a continuous and reliable production level
just last year in 2018. We are now working on two upgrade
projects – the Proton Power Upgrade project (PPU), and
the Second Target Station project (STS). The PPU project
achieved CD-1 status (conceptual design approved by the
Department of Energy, and permission given to proceed to
preliminary design) in April 2018. The conceptual design
of the STS project is now in progress.
The PPU project aims to double the beam power capability to 2.8 MW, although until the STS project is complete the power will be limited to 2 MW on the one target
station now in place. A combination of increased beam energy to 1.3 GeV, and average current to 38 mA, will be used
to realize the doubled power.
Since this upgrade was envisioned during the original
SNS design, the accelerator requires only a few modifications. The major components comprise replacing three
___________________________________________
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DTL klystrons with 3.0 MW units, adding seven cryomodules to the SCL with their associated RF systems, replacing
three magnets in the ring injection section, upgrading the
mercury target, and some conventional facility upgrades
[2]. In the last year the PPU project has made impressive
progress on all fronts, and in this paper we will concentrate
on the latest developments, with a focus on the Ring portion of the project.

WARM LINAC
The DTL is powered by six 2.5 MW, 402.5 MHz klystrons. At the time of the CD-1 review last year the final
selection of klystrons that require an upgrade to 3.0 MW
units was not yet clear. Since that time a series of highcurrent (and short pulse) beam measurements have been
made, in addition to a series of klystron power curve measurements made by operating each klystron into a calibrated
load. The final result is that the DTL-3, DTL-4, and DTL5 klystrons will receive the upgrade. The waveguide circulators and waveguide loads may or may not be upgraded,
depending upon the results of an engineering review. Eventually all six DTL klystrons, plus the RFQ klystron, plus all
the circulators and loads, will be replaced with upgraded
units for compatibility, spares considerations, and components availability issues.
The higher-power klystrons require upgraded modulators. Each DTL modulator powers two klystrons, so the
three new 3.0 MW klystrons will require two upgraded
modulators. The upgrade primarily consists of replacing
the boost transformer and capacitors. Tests are now in progress to validate this approach. Additionally the modulator
that powers the RFQ klystron plus the first two DTL klystrons will receive an upgrade to allow any combination of
2.5 and 3.0 MW klystrons to be used in this portion of the
linac.

SUPERCONDUCTING LINAC
Space in the linac tunnel for nine additional cryomodules
was reserved during the original construction. Due to advances in superconducting RF technology the beam energy
increase to 1.3 GeV can be achieved by adding only seven
cryomodules. It is not practical to increase the beam energy
beyond 1.3 GeV due to the consequent excessive beam loss
in the downstream arc due to magnetic stripping.
In the last year a partner laboratory (Jefferson National
Accelerator Laboratory) was selected to design and build
these high-beta cryomodules. Numerous components have
already achieved final design status and procurement has
begun on the superconducting cavities. Figure 1 shows
some of the new design features.
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A NORMAL CONDUCTING RF GUN AS AN ELECTRON SOURCE FOR
JLEIC COOLING
F. E. Hannon, R. A. Rimmer, Thomas Jefferson National Accelerator Facility,
Newport News VA 23662, USA
Abstract
The baseline design for a magnetized injector for the
bunched-beam electron cooler ring, as part of the Jefferson
Lab Electron Ion Collider (JLEIC) uses a DC photocathode
electron gun as the source. A challenging aspect of this concept is transporting a 3.2nC electron bunch at low energy
and preserving the angular momentum. An RF gun source
has been investigated to gauge the potential advantages of
high gradient on the photocathode and higher exit energy.
The design is presented and compared with the baseline results.

INTRODUCTION
Jefferson Lab is currently in the process of designing an
electron ion collider, JLEIC, to be built on-site utilizing
existing accelerator facilities. The proposal for this
machine is to have unprecedented luminosity of
10331034cm-2sec-1. The luminosity is heavily dependent on
ion cooling in both the booster and the storage ring of the
accelerator, shown in Figure 1 [1].

Figure 1: A schematic of the JLEIC accelerator complex.
To counter the effects of emittance growth from intrabeam scattering in the ion beam, electron cooling is employed. The cooling in the booster will be a conventional
DC cooler of a similar design to COSY. The high-energy
storage ring will require novel bunched beam cooling to
achieve the required luminosity. The JLEIC design considered and investigated two concepts for the cooling. The
first is based on a standard Energy Recovery Linac (ERL)
[2], the second uses a Circulating Cooling Ring (CCR) [3],
which also leverages energy recovery and a harmonic
kicker cavity to reduce source current [4]. This is due to the
electron bunch making several passes through the cooler
loop before being energy recovered. This paper discusses
the injector design utilizing an RF gun source as shown in
Figure 2.
To achieve the high luminosity, the ion beam must be
continuously cooled [5]. To improve the cooling efficiency,
a magnetized electron beam is used. In this scenario, the
electron bunches are produced in the presence of a uniform
longitudinal magnetic field. When the electrons exit this
MC3: Novel Particle Sources and Acceleration Techniques
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field they acquire angular momentum, which if preserved
throughout the CCR will be removed as the beam enters
the fringe field of the cooling solenoid. Hence, the usual
Larmor rotation inside the cooling solenoid is no longer
present and electrons are forced to travel along magnetic
field lines with smaller helical motion, supressing the electron-ion recombination, thus increasing cooling efficiency.

INJECTOR DESIGN
The baseline design assumes that beam current is delivered from a multi-alkali photocathode inside a 400kV DC
electron gun [6]. The typical gradient on the cathode is
~4.3MV/m in this gun. The complete beam parameters for
the injector are listed in Table 1. Previously reported results
from this design indicate that in order to deliver 3.2nC, the
transverse emitting area should be large and the bunch
length long, 1cm diameter and 143ps rms respectively. It
was also noted that while the bunch is at low energy, below
~2 MeV, space charge forces dominate both transversally
and longitudinally, whereas after this soft limit, angular
momentum dominates transverse properties. The supposition with substituting the DC gun for an RF gun is that the
higher cathode gradient and exit energy will both allow for
greater flexibility and performance of the injector.
Table 1: CCR Operating Specification
Parameter
Energy at the cooler
Bunch charge
CCR bunch frequency
Bunch length at cooler (full)
Injector bunch frequency
Drift emittance

20-55 MeV
3.2 nC
476 MHz
2 cm
43.3 MHz
36 mm mrad

A schematic layout of the RF based injector is shown in
Figure 2. For this initial study, rather than designing a new
RF gun, geometry very similar to the Boeing photoinjector
was utilized. The Boeing gun operated at 433MHz with a
cathode gradient of 26MV/m, delivering 2MeV beam. For
many years, this gun was a world record holder of 32mA
current at 25% duty factor [7]. The gun itself comprised of
two short cavities that could be operated independently of
one another. We roughly recreated the gun design using the
dimensions found in reference [8], and tweaked the design
to achieve the correct frequency. It should be noted that
with modern simulation tools, we believe we could optimize a similar gun concept for much higher efficiency. This
gun has a solenoid between the two cells and a bucking coil
behind the cathode. These can be set to provide the magnetized beam with the desired drift emittance. The gun is
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OBSERVATION OF THE FEMTOSECOND LASER-INDUCED EMISSION
FROM THE DIAMOND FIELD EMITTER TIPS*
E. I. Simakov†, H. L. Andrews, R. L. Fleming, D. Kim, V.N. Pavlenko,
Los Alamos National Laboratory, Los Alamos, NM, USA
D. S. Black, K. J. Leedle, Stanford University, Stanford, CA, USA

Abstract
This paper reports results of the experimental observation of emission from single diamond field emitter tips
when triggered by an ultra-short laser pulse. It has been
proposed that single diamond tip emitters can be employed
for production of small tightly focused electron beams for
dielectric laser accelerators (DLAs) that accelerate particles using the energy of light produced by infrared lasers.
To generate short electron bunches required by DLAs, diamond pyramids may be triggered with a laser. We have
recently observed emission produced by a single diamond
pyramid when triggered by a laser at different wavelengths
from 256 nm to 2000 nm. We have conducted studies with
the goal to understand mechanism of the emission. We
clearly observed the change in emission mechanism when
the wavelength changed from 256 nm to 512 nm. We believe that while the emission at 256 nm is a clear singlephoton photoemission, the emission at longer wavelengths
is likely the field emission caused by intense electric fields
of the laser.

_____________________
* Work supported by Los Alamos National Laboratory LDRD Program.
This work was performed, in part, at the Center for Integrated Nanotechnologies, an Office of Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science by Los Alamos National Laboratory (Contract DE-AC52-06NA25396) and Sandia National Laboratories (Contract DE-NA-0003525).
† email address smirnova@lanl.gov
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Figure 1: Scanning electron microscope (SEM) images of
a diamond nano-tip at different magnifications.

INTRODUCTION

Dielectric laser accelerator (DLA) research gains momentum with the goal of demonstrating an ultra-compact
acceleration system with multiple applications. DLAs represent dielectric microstructures powered by lasers with
wavelengths ranging from 800 nm up to 2 microns. Accelerating gradients as high as 700 MV/m were demonstrated
in DLAs [1,2]. Because of the often sub-micron dimensions of the accelerating structures, one of the most critical
needs in the field is to develop ultra-compact high-currentdensity electron sources, that can preferably be triggered
by a laser to simplify the issues of synchronization of the
electron beam and the accelerating structure [3]. Our team
at Los Alamos National Laboratory (LANL) has proposed
to use diamond pyramids, often referred to as "diamond
field emitter arrays (DFEAs)" as electron beam sources in
DLAs [4]. DFEAs were first introduced by Vanderbilt University [5] and represent arrays of micron-size diamond
pyramids with nanometer sharp tips (Fig. 1). They are
known to produce electron beams by field emission with a
single pyramid tip capable of producing currents as high as
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30 µA in a direct current (DC) regime. At LANL we fabricate DFEAs of different configurations and study them on
a DC high voltage test stand. In order to understand applicability of DFEAs for production of high current density
electron bunches for DLAs, an experiment at Stanford University DLA laboratory was put together in the framework
of the Accelerator on a Chip International Collaboration
(ACHIP) [6].

Figure 2: The schematic of the strong-field photoemission
test stand.

EXPERIMENTAL SETUP
The experimental setup is illustrated in Fig. 2. The diamond cathode representing an array of 25 diamond pyramids with the size of approximately 22 microns and spaced
400 microns apart was brazed to a molybdenum (Mo) substrate. The substrate was installed on a movable arm that
was controlled with a magnetic coil allowing for moving
the cathode in two transverse directions for precise alignment of the laser and different diamond tips. The anode
represented a metal plate with a small hole in the middle
located at a distance of about 4.5 mm from the cathode.
The voltage of 15 to 30 kV was applied between the cathode and the anode. Field emission from nano-tips was used
to align the particular tip with the axis of the anode. Subsequent strong-field photoemission measurements were
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EXPERIMENTAL RESULTS OF DENSE ARRAY DIAMOND FIELD
EMITTERS IN RF GUN∗
K. E. Nichols† , H. L. Andrews, D. Kim, E. I. Simakov,
Los Alamos National Laboratory, Los Alamos, NM
M. Conde, D. S. Doran, G. Ha, W. Liu, J. F. Power, J. Shao, C. Whiteford, E. E. Wisniewski,
Argonne National Laboratory, Lemont, IL
S. P. Antipov, Euclid Beamlabs LLC, Bolingbrook, IL
G. Chen, IIT, Chicago, IL

Abstract

We present experimental emission results from arrays of
diamond field emitter tips operating in an RF gun at the
Argonne Cathode Test-stand. Results from various arrays
will be presented with different spacing between array elements. Very high charge densities were produced at various
field gradients. The maximum field gradient for a particular
geometry was discovered and break-down effects will be
presented. Cathode lifetime was preliminarily studied. Further experiments are being planned and work on the cathode
design optimization to produce higher quality beams will be
discussed.

INTRODUCTION

We present here initial results from two diamond field
emitter array (DFEA) cathodes recently tested in a 1.3 GHz
RF gun. Diamond field emitter arrays are micron-scale diamond pyramids spaced as close as three microns apart and
fabricated as arrays in any arbitrary pattern or shape. These
pyramids make excellent field emitters due to their sharp tips,
which are on the order of 50 nm, see Fig. 1. Due to the mold
process of fabrication, it is simple to arrange any number
of DFEA pyramids in an arbitrary array shape or pattern.
Inherently shaped beams are of interest primarily to produce inherently shaped electron beams for use in dielectric
wakefield accelerators. In a beam driven collinear wakefield
accelerator, a low charge “witness” bunch is accelerated by
a wakefield excited by a higher charge drive bunch travelling in the same direction [1], [2], [3]. The most effective
energy transfer from the drive bunch to the witness bunch
is produced if the drive bunch has more electrons located
at the tail of the bunch, in other words, if the drive bunch
is effectively triangle shaped, [4], [5], [6]. This triangularly
shaped drive bunch effectively increases the ratio of the maximum accelerating gradient seen by the witness bunch to the
maximum decelerating gradient inside the drive bunch, this
ratio is called the transformer ratio. One way in which a longitudinally triangular shaped beam can be produced is to use
a transversely shaped beam and put it through an emittance
exchanger (EEX) [7], [8], [9], [10]. Transversely shaped
beams can be produced a number of ways, using a transverse
mask, using a photocathode excited by a transversely shaped
∗
†

laser beam, or by using an inherently shaped cathode. Here
we discuss results of recent test using transversely shaped
cathodes, which have low beam jitter, low beam loss, low xray production and potentially more consistent beam shape
than the other methods of producing transversely shaped
beams. We explore different densities and different sizes of
diamond pyramids in these tests.

Work supported by LANL/LDRD
knichols@lanl.gov
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Figure 1: Sharp tip of a single diamond field emitter pyramid.

Dense Array Tests
Two dense array cathodes were tested, both of which were
1 mm side-length triangles. The first cathode (CAT1) tested
has pyramids of 7 micron base with 10 micron pitch, the
second cathode tested (CAT2) has 10u base, 25u pitch. SEM
photos of the two cathodes can be seen side by side in Fig. 2.

EXPERIMENTAL SET-UP
These experiments were conducted at the Advanced Cathode Test Stand (ACTS) at Argonne National Laboratory [11].
The test stand has a single-cell 1.3 GHz RF gun, which can
produce cathode gradients from 10 MV/m to 70 MV/m. The
gun has a removable cathode plug which can be positioned
flush to the cavity wall, or recessed a few millimeters. The
beamline is shown in Fig. 3, it has three YAG screens shown
in the schematic as YAG1 at 0.43 meters from the cathode,
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PHYSICS OF ELECTRON BEAM GENERATION AND DYNAMICS FROM
DIAMOND FIELD EMITTER ARRAYS
C.-K. Huang∗ , H. L. Andrews, R. C. Baker, R. L. Fleming, D. Kim,
T. J. T. Kwan, V. Pavlenko, A. Piryatinski, and E. I. Simakov
Los Alamos National Laboratory, Los Alamos, NM, USA 87545
LSP SIMULATION

Abstract
Many applications such as compact accelerators and electron microscopy demand high brightness electron beams
with small beam size and low emittance. Electric-fieldassisted diamond emitters manufactured from semiconductor processes are strong candidates for cathodes in such
sources. The micro-scale pyramid structure of the emitter
has the desirable attribute of significant field enhancement
at the sharp interfaces (apex and edges) to facilitate electron
emission. We use the LSP particle-in-cell code to simulate
the diamond emitter in a diode setup and obtain the beam
size and divergence. An empirical fit of the fields around the
apex is extracted for detail study. The trend of the beam divergence observed in the simulation is further corroborated
using electron’s trajectory in the empirical field model.

Details of the simulations can be found in [3], here we
briefly describe the simulation setup. The simulation was
done in a cylindrical geometry using a diode setup with the
emitter as cathode. The pyramid has a square base with a
10 µm edge and a height of 10 µm, and the anode-cathode
(AK) gap is 33 µm with a nominal electric field of 12.1
V/µm at the surface of the pyramid in the absence of field
enhancement. Additionally, we approximate the pyramid as
a cone in r and z in the next section to exploit its azimuthal
symmetry for the fields near the emitter.

INTRODUCTION
A Dielectric Laser Accelerator (DLA) [1] is envisioned
to deliver extraordinary acceleration gradients above 300
MV/m for up to 10 fC electron bunches with femtosecond
bunch length, nanometer normalized emittance, and kHz
repetition rates. A compact electron source is one of the
foundation technologies that needs to be developed and integrated into a prototype tabletop DLA. Such a source may
also find applications for the improvement of electron microscopy and associated imaging and scattering applications.
The diamond field emitter [2] — a miniaturized, high-current
low-emittance cathode, offers many advantages for the compact DLA. We have conducted computation modeling to
understand the emission characteristic [3] and the beam dynamics for the beam emitted from the diamond field emitter.
Through 3D finite-element simulations with nanometer resolution, the dependence of the field enhancement on the
shape of the emitter are determined with high accuracy. It
has been shown that for the diamond emitter in a diode setup,
the beam formation and acceleration is of 1D nature, except
for a small region near the apex of the emitter. Using the
three dimensional finite-difference-time-domain fully electromagnetic particle-in-cell code LSP, the beam dynamics
are simulated in 3D with existing Murphy-Good or ChildLangmuir emission laws. The macroscopic observables,
such as the beam size and divergence, are extracted. In this
paper, we focus on the understanding of these observables
from simulations.
∗
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Effects of External Magnetic Field on Beam Size
We explore through simulations the impact of an externally imposed magnetic field in the diode region to control
the electron divergence during the beam formation process.
A constant axial magnetic field is applied. In Fig. 1, the
beam radius at the anode from the simulations is shown as a
function of the external magnetic field strength. Though its
radius shows a monotonically decreasing dependence on the
field, it takes a significant field strength of 15 kG to reduce
the radius by about 20% which translates into a 40% decrease
in beam spot. Correspondingly in Fig. 2, the radial velocity of the electron beam is plotted against the field strength
and it shows a significant decrease as the field magnitude
increases. As the electron beam propagates forward, we can
expect the beam spot expansion can be reasonably controlled
by a strong magnetic field although its implementation in
the diode design may post some challenges.

Figure 1: Beam radius vs. magnetic field strength.

FIELDS NEAR THE EMITTER
To understand the electron dynamics from the diamond
field emitter in the diode setup, it is essential to investigate
the fields around the emitter. The pyramidal base is expected
to have field enhancement at the edges, making the field
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MAGNETIZED GRIDDED THERMIONIC ELECTRON SOURCE
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Abstract

A crucial part of achieving JLab’s proposed electron ion
collider (JLEIC) design luminosity is the application of electron cooling to reduce the ion emittance. One required cooling method is Bunched Beam Cooling (BBC). This cooling process requires beam characteristics that are difficult
to achieve. In particular, a high current magnetized electron beam. Here we present a magnetized gridded cathode
thermionic electron source, deigned and built by Xelera Research LLC as part of the DOE SBIR program, that could
represent the correct technology to use in achieving BBC, as
well as a beamline at JLab that will be used to characterize
the source.

INTRODUCTION

Thermionic sources operate under the effect of thermionic
emission. Applying a current that heats the cathode increases
the thermal energy of electrons to the point of overcoming
the work function of emission from the cathode to free space.
Gridded cathodes driven by RF sources are able to form
bunched electrons from an otherwise continuously emitting
cathode. One main advantage of the thermionic sources
are their robustness and longevity even at high current as
opposed to sources like photoelectron guns. Photoguns are
highly flexible and offer control over the phase space of the
bunch, but have not been proven continuously at very high
currents for extended periods. A thermionic gun could be
a viable low risk plan; being a robust platform capable of
producing the current required for effective BBC [1]. To
demonstrate this, JLab has partnered with Xelera Research
LLC to design and build a thermionic electron gun as part
of the DOE SBIR program [2].
It is likely a thermionic source will be the most viable option to achieve the high average current for the JLEIC design
can be achieved with the appropriate bunch charge and repetition rate controlled by the RF gated, gridded thermionic
electron gun.
Gridding near the edge of the cathode creates gradients
within the E-field that suppress the thermionic emission of
electrons. By modulating this field, pulsed electron bunches
can be generated. The mechanism of the electron “gating”
is straightforward. Have a DC bias voltage from the grid
that restricts emission of electrons and drive this bias with
an RF at which the peaks above the cut-off voltage allow for
electron emission [3, 4]. This is illustrated in Figs. 1 and 2.
∗

Figure 1: Conceptual cathode, grid, anode diagram. Ug :
gun voltage.

Figure 2: Illustration relating grid voltages to current profile
of bunches.
The current emitted as a function of time is given by
I(t) = g [Ub + Urf cos(ωrf t) − Uc ] ,

(1)

where Ub is the grid bias voltage, Urf is the peak RF voltage,
Uc is the cutoff voltage, ωrf is the angular frequency of the
RF signal, and g is the transconductance.
This gun was designed with the potential for magnetization. Magnetization is achieved by immersing the cathode
in a magnetic field perpendicular to the cathode surface. By
powering a large solenoid at the gun, electrons leaving the
solenoid field are imparted with an angular momentum:
⟨L⟩ =

eBz 2
rc ,
2

(2)

where rc is the radius of the beam on the cathode, and Bz is
the longitudinal magnetic field on the cathode, thus creating
a ‘magnetized beam’. This is important for JLEIC cooling
as this angular momentum cancels fringe field Lorentz force
when entering the cooling solenoid, increasing the cooling
efficiency [5]. The larger emission radius of a thermionic
gun means effective magnetization can be achieved at
smaller magnetic field strengths, but the field must be
uniform over the emitting area.

mstefani@jlab.org
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GLOBAL MODEL OF MULTI-CHAMBER NEGATIVE HYDROGEN ION
SOURCES WITH UPDATED HYDROGEN PLASMA CHEMISTRY∗
S. N. Averkin† , S. A. Veitzer, Tech-X Corporation, Boulder, Colorado, USA

Abstract

We present the extension of the Global Enhanced Vibrational Kinetic Model (GEVKM) [1] for the multi-chamber
design with the updated hydrogen plasma chemistry [2]. The
extended GEVKM consists of separate global models for
macroscopic parameters of all species in each chamber coupled through interface boundary conditions. We compare
our model with fluid simulation results for a plasma composition and species temperatures in the negative hydrogen ion
source developed at IPP Garching.

INTRODUCTION

The range of numerical models of chemically reacting
plasmas found in negative hydrogen ion sources (NHIS) span
from detailed kinetic models (e.g. Particle-In-Cell method
coupled with Direct Simulation Monte Carlo) to fluid models
(e.g. Magnetohydrodynamics coupled with electromagnetic
solvers), and then further to simple 0D or volume-averaged
global models. Kinetic solvers provide detailed information
about distribution functions of plasma components but have
significant computational costs. In addition, inclusion of
many chemical species and chemical reactions that could be
found in real NHIS make a single simulation implausible
due to very high computational costs. Fluid models coupled
with electromagnetic solvers can still provide detailed information about space and time distribution of species number
densities, velocities and temperatures with a reduced computational costs compared to kinetic solvers. In principle a
single simulation of realistic chemically reacting plasma for
one set of parameters is possible. However, the parametric
investigation that can be used to model device optimization
is still challenging task. For such reasons global models are
widely used to perform quick simulations to extract most important chemical reactions and species information that can
be further used in detailed fluid simulations. Our ultimate
research goal is to provide the means to accurately model
NHIS devices for long time scales, and to optimize NHIS
designs over a wide range of parameters using commercial
fluid code USim [2]. To achieve this goal we use Global
Enhanced Vibrational Kinetic Model (GEVKM) [1] that
allows to quickly estimate main plasma parameters (number
densities and temperatures of different species) over a wide
range of parameters (inlet flow rates, absorbed powers and
geometrical configurations) and extract the most important
chemical reactions and plasma species. Previously [3] we
reported simulation results of a single chamber NHIS simulations with cesiated plasma grid. In this paper we present
∗

†
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Figure 1: Double chamber negative hydrogen ion source.
double chamber simulation results and describe interface
boundary conditions and other modifications that were done
in the GEVKM in order to perform such simulations.

GLOBAL ENHANCED VIBRATIONAL
KINETIC MODEL
In the original GEVKM a set of steady-state species particle balance equations supplemented by quasineutrality condition is solved together with electron and total volume averaged energy equations in order to estimate number densities and electron and heavy species temperatures. This
model included electrons, neutral hydrogen species such
as H(n), n = 0, ..., 3, all vibrational states of molecular hydrogen H2 (v), v = 0, ..., 14, positive ions H+ , H+2 , H+3 and
negative ions H− . This model included comprehensive list of
chemical reactions with more than 1,000 of vibrationally resolved reactions whose numerical values are available in [4].
Recently the reaction rate coefficients in the GEVKM were
updated based on the benchmarking with another global
model (GMNHIS) [5].
For double-chamber designs shown in Fig. 1 for each
chamber we consider separate steady-state global models
based on the GEVKM. These global models are coupled
through interface boundary conditions. Previously we have
used isentropic and Fanno flow theory for deriving outflow
boundary conditions for a nozzle and pipes [6]. In this work
we assume that the flow rates of neutral and ion species from
the first to the second chamber can be estimated based on
the simple thermal fluxes as

1  (1) (1)
(2)
Qint
n j vth, j − n(2)
v
j =
j th, j Aint ,
4
where j is the species number, n(i)
j is the number density of
(i)
the j-th species in the i-th chamber, vth,
j is the thermal speed
of the j-th species in the i-th chamber, Aint is the interface
area. These boundary conditions are somewhat similar to
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FLUID MODELS OF INDUCTIVELY COUPLED PLASMA SOURCES FOR
NEGATIVE HYDROGEN ION SOURCES∗
S. A. Veitzer† , P. H. Stoltz, Tech-X Corporation, Boulder, Colorado, USA
Abstract
Negative hydrogen ion sources are widely used to produce neutron beams via spallation both for neutron science
in its own right, and as neutron sources for fusion devices.
Numerical modeling is a useful tool for trying to optimize
negative hydrogen ion sources. However there are significant numerical and computational challenges that have to
be overcome, including code performance and resolution of
separation of time scales between ion and electron motions.
One method is to utilize fluid models to simulate inductively
coupled ion sources (ICPs).
We have been developing algorithms to simulate negative
hydrogen production in high-power, external-antenna ICP
sources. We present simulation results using the USim [1, 2]
framework to model plasma chemistry that produces negative hydrogen , and model the effects of electron temperature
on overall negative hydrogen production rates. The numerical plasma chemistry models include processes of ionization,
dissociation, recombination, as well as reactive dissociation
of vibrationally resolved states and de-excitation of atomic
hydrogen. We benchmark our plasma chemistry model results using plasma parameters relevant to experiments being
carried out at the D-Pace Ion Source Test Facility.
We have also been developing fluid-based drift/diffusion
models for multi-component plasmas, such as those in negative hydrogen sources. These simulation results demonstrate
enhancement of the effective diffusion rates in plasmas that
contain both electrons and negative ions.

INTRODUCTION
It has long be recognized that there are significant numerical and computational challenges involved in modeling ion
sources using kinetic models, including code performance
and resolution of separation of time scales between ion and
electron motions. Due to the vast differences between ion
and electron masses, detailed simulations that resolve electron motions are typically not feasible for long time scale
models of plasma evolution in ICPs.
One method is to utilize fluid models to simulate ICPs.
We have been developing algorithms to consistently simulate negative hydrogen production in both rf-driven and
continuous-wave (CW) ion sources. Fluid models can be
appropriate in regimes where the collisional mean-free-path
is small, but the assumptions on electron distributions that
are required to develop fluid models typically break down
for low density, high-temperature plasmas, and in cases
where the electrons are clearly not Maxwellian, such as
∗
†
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in plasma sheaths. We have focussed on developing full
plasma chemistry models for the production of negative
hydrogen , and coupling these models with a fluid-based
drift-diffusion model. The overall goal here is to provide
numerical models that will predict negative hydrogen and
ultimately heavier negative ion production rates in rf-driven
ICP and CW sources.
We perform simulations using the USim[1, 2] fluid plasma
modeling framework. USim is a flexible and parallel code
for solving a variety of continuum equations in general geometries including fluids and plasmas and electromagnetics
using finite volume and discontinuous Galerkin techniques.
It is unique in that it can solve problems from weakly ionized
plasma to high temperature and strongly magnetized regimes
including free space electromagnetics. We have successfully
coupled models of plasma chemistry with USim, which we
discuss in detail below.

PLASMA CHEMISTRY MODELS FOR
VOLUME NEGATIVE HYDROGEN
PRODUCTION
In order to estimate the equilibrium densities of plasma
species in an ICP source, we employ a global model to first
determine the subset of plasma chemistry reactions that are
important for volume negative hydrogen production. We
have integrated a new version of the Global Enhanced Vibrational Kinetic Model (GEVKM)[3], with our fluid-based
models, that down-selects the most relevant reactions based
on the operational parameters for a specific ion source. We
apply these models to nominal ion source parameters for
production-level negative hydrogen sources under development at the D-Pace Ion Source Test Facility [4]. Namely, we
model sources with a neutral H2 gas pressure of ∼ 30 mTorr,
corresponding to an initial H2 gas number density of approximately 1.0 × 1021 #/m3 , and we use an initial electron
density in the range 1.0 × 1017 − 1.0 × 1020 #/m3 .
The GEVKM global model for these parameters determines a set of twenty four species that are important for
negative hydrogen production. These include the neutral
heavy species hh2, H, positively charge heavy species H+ ,
H2+ , H3+ , fifteen resolved vibrational states of molecular
hydrogen, two excited states of neutral hydrogen, and of
course negative hydrogen . In addition, we also track electrons and photons produced by de-excitation of neutral H.
The GEVKM model generates reaction rates based on bulk
ion source parameters, that are fit to Arrhenius rates of the
form
k(T) = σ0T α exp(−Ea /T).

(1)
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PREDICTING THE PERFORMANCES OF COHERENT ELECTRON
COOLING WITH PLASMA CASCADE AMPLIFIER*
G. Wang#, V. N. Litvinenko and J. Ma, BNL, Upton, NY, USA

Abstract
Recently, we proposed a new type of instability, Plasma
Cascade Instability (PCI), to be used as the amplification
mechanism of a Coherent Electron Cooling (CeC) system,
which we call Plasma Cascade Amplifier (PCA). In this
work, we present our analytical estimate of the cooling
force as expected from a PCA- based CeC system. As an
example, we apply our analysis to a planned PCA-based
CeC test system and investigate the evolution of the
circulating ion bunch in the presence of cooling.

INTRODUCTION

Cooling high energy, high intensity hadron beams
remains one of the serious challenges in modern
accelerator physics. Such cooling of natural emittances,
while overcoming and mitigating other limitations,
guarantees longer, more efficient stores that would result
in significantly higher integrated luminosity in a hadron
collider such as the Large Hadron Collider (LHC) at
CERN, the Relativistic Heavy Ion Collider (RHIC) at the
Brookhaven National Laboratory (BNL) or a future
Electron-Ion Collider (EIC). One of the candidates to
provide effective cooling for a high luminosity EIC is
Coherent electron Cooling (CeC)[1]. CeC belongs to the
family of stochastic coolers, but with the amplifier’s
bandwidth extending into the optical region, e.g. beyond
the THz range. Several possible broadband CeC amplifier,
based on instabilities in the electron beam, have been
suggested including high-gain free-electron lasers (FEL),
microbunching instability (MBI) [2-4] and the plasma
cascade instability (PCI) [5].
In this work, we have developed an analytical tool to
estimate the performance of the plasma-cascade amplifier
(PCA) based CeC system. Section II shows our derivation
of the electrons’ line density modulation induced by a
moving ion. In section III, we use the results in reference
[5] to obtain the amplified line density perturbation with
the initial condition derived in section II. From the
amplified line density perturbation, we derived the
longitudinal cooling field in section IV. We implement the
one turn energy kick that ions receive from the cooling
section into a tracking code and section V consists of our
prediction for a test system of the PCA-based CeC.

LINE DENSITY MODULATION AT
MODULATOR
Regardless of the amplification mechanism, a CeC
system consists of a modulator, an amplifier and a kicker.
To derive the longitudinal cooling force at the kicker
section, we start with deriving electrons’ line density
modulation at the exit of the modulator. For a uniform
electron beam with   2 velocity distribution, the 3-D
density modulation in the wave-vector domain is given
by[6]
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The line number density modulation in the longitudinal
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with a z   z /  p being the longitudinal Debye length in
the co-moving frame.

AMPLIFICATION OF LINE DENSITY
MODULATION IN PCA
___________________________________________
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For the electrons with uniform spatial and Lorentzian
energy distribution, the evolution of their line density
distribution in PCA is determined by the following
expression[5]:
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BI-ALKALI ANTIMONIDE PHOTOCATHODES FOR LEREC DC GUN*
M. Gaowei†, E. Wang, A. Fedotov, D. Kayran, R. Lehn, C. J. Liaw, T. Rao, J. Tuozzolo, J. Walsh
Brookhaven National Laboratory, Upton, NY 11973, U.S.A

Abstract
The Low Energy RHIC electron cooler (LEReC) is a
bunched electron cooler at RHIC, BNL. It is the first electron cooler based on the RF acceleration of electron
bunches. Alkali antimonide photocathode is chosen as the
electron source material for the LEReC project based on its
merit in high quantum efficiency (QE) at visible wavelength. One dedicated cathode deposition system and three
transfer systems with multiple cathode storage are designed and commissioned to support the continuous operation of LEReC. In this report, we present results of the
LEReC photocathode deposition and characterization, as
well as the cathode lifetime during cathode transfer and
storage in the run of 2018 and 2019.

The Sb source used in the deposition system is pure
metal beads loaded in an alumina crucible and heated for
evaporation. Currently we are using SEAS getter source for
our alkali deposition. 3 pairs of each alkali species are
loaded onto the evaporators, as shown in Fig. 2a. The alkali
sources are designed to be consumed one pair at a time and
the total yield of these evaporators is over 12 cathodes. The
K and Cs evaporators are installed in their dedicated chambers (Fig. 2b) and can be vented without compromising the
vacuum in the main chamber for the convenience of source
change.

INTRODUCTION

The Low Energy RHIC electron cooler (LEReC) is a
bunched electron cooler at RHIC, BNL. It uses a duplicated
Cornell university high voltage DC gun to produce electron
bunches suitable for cooling by illuminating multi-alkali
photocathodes with high power laser and is aiming to provide an average current of 35 mA with bunch charge up to
160 pC electron beam. [1] It will also be tested up to 85
mA with continuous wave (CW) operation. Alkali antimonide photocathode is chosen as the electron source material for LEReC project based on its merit in high quantum
efficiency (QE) at visible wavelength and days of lifetime
under high current (10s mA) operation. BNL has developed and commissioned multiple cathodes storage and
transfer systems in early 2018 to supply the LEReC DC
gun with electron sources that operate 24/7 with minimum
interrupt. [2] In this report, we present the performance of
both the cathode deposition and the transfer system in the
LEReC run of 2018 and 2019.

Figure 1: The LEReC bi-alkali photocathode deposition
chamber.

CATHODE DEPOSITION

Cathode Deposition System

The 3 main components of the cathode deposition chamber, labelled in Fig.1, are the sample preheating/characterization chamber, the deposition chamber, and the docking
chamber for the cathode transporter. There are 3 manipulators installed to move the cathode through different source
locations and between chambers. The base pressure of the
system can reach 6×10-11 Torr, with partial pressure of water and oxygen below 1/10 of the base pressure. The vacuum of the system is maintained by several ion pumps,
TSPs and NEG pumps.
___________________________________________
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Figure 2: a) Three pairs of alkali sources installed on one
manipulator; b) the alkali evaporators installed on the
LEReC deposition chamber.

K2CsSb Cathode Deposition
Since 2018, we have switched from the effusion cell deposition back to the sequential 3 step deposition using SEAS
getter sources. The deposition procedure we used for the
bi-alkali antimonide photocathode was well developed for
the ERL and CeC projects. [3] Compared to the CeC system, the LEReC deposition chamber differs slightly in geometry and does not have an active cooling capacity for the
substrate. Therefore, the growth procedure in the LEReC
deposition chamber has been optimized for this specific application.
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NEW ACTIVATION TECHNIQUES FOR HIGHER CHARGE LIFETIME
FROM GaAs PHOTOCATHODES ∗
O. Rahman† , M. Gaowei, W. Liu, E. Wang, Brookhaven National Lab, Upton, USA
J. Biswas, Stony Brook University, Stony Brook, USA
Abstract
GaAs is the choice of photocathode material for polarized
electron sources. The well established method of activating
GaAs for beam extraction is to use Cs and Oxygen to create
a ’Negative Electron Affinity’(NEA) layer. However, this
layer is highly sensitive to vacuum and gets damaged due to
ion back bombardment in DC guns. In this work, we explore
activation methods that used Tellurium in conjunction with
the usual Cs and Oxygen. We report our method to activate
GaAs and show charge lifetime results for our activation
method. Our results show that the use of Te could potentially
help with longer charge lifetimes from GaAs cathodes in DC
guns.

INTRODUCTION
GaAs has been used as photocathodes in various DC guns
for producing polarized electron beam. An activation layer,
usually consisting of Cs and an oxidant (O2 or NF3 ), is required to achieve ”Negative Electron Affinity (NEA)” on the
surface [1]. This activation layer degrades during beam extraction due to ion back bombardment and limits the charge
lifetime from a photocathode [2]. There has been efforts to
develop a more robust activation layer for GaAs activation.
Cornell has reported higher charge lifetime by growing a
thin CsTe2 layer on top of the GaAs [3]. Mutli-alkali activation, involving Cs and Li, has shown promises towards
more robustness [4]. In this paper, we report results from
activation of GaAs with Cs, O2 and Te.

EXPERIMENTAL SETUP
We used an existing cathode preparation chamber at BNL
for this experiment. The main chamber is a 10 inch sphere
with various ports for different equipment. Figure 1 shows
a schematic diagram of the main sphere. The system is
equipped with a 300 l/s ion pump and two TSP’s. After
a week of bakeout at 180 celcius, the base pressure of the
system was approximately 5×10−11 Torr. The stalk heater
can heat the cathode up to desired temperature, which was
580 celcius in our case. The laser used was 532 nm laser,
with 50 µW of power on the cathode surface. The Cs source
was a standard SAES getters evaporation source. For the Te
source, we used an emptied and cleaned shell from the SAES
Cs sources. First the source was emptied using tweezers,
then ultrasonic cleaned until there is no particle found under
a magnifying glass. Then the emptied shells were filled
with small pieces of ultra high purity Te (99.9999%). The
∗
†
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Figure 1: Cathode preparation system.

evaporation rate of these Te sources were calibrated against
drive current using a crystal monitor. Such an evaporation
rate curve is shown in Figure 2.

ACTIVATION METHOD
After heat cleaning the cathode at 580 C for an hour, the
sample was let to cool down to room temperature. We used
co-deposition/saturation technique to activate the cathode
with Cs and O2 . After the QE has reached it’s maximum
value from Cs-O2 activation, Te was deposited to a desired
thickness. This step showed a decrease in QE. The last step
was to deposit Cs on the cathode until the QE recovers to
almost to it’s original value (right after Cs-O2 ) activation.
From then on, charge lifetime measurement continued for
2-5 days.

Figure 2: Deposition rate of Te source with respect to current.
TUPTS102
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THE PROGRESS OF HIGH CURRENT HIGH BUNCH CHARGE POLARIZED ELECTRON HVDC GUN*
E. Wang#,R. Lambiase, W. Liu, O. Rahman, J. Skaritka, F. Willeke
Brookhaven National Laboratory, New York, USA
I. Ben-Zvi Stonybrook University, New York, USA

Abstract

High bunch charge (nC level), high average current (mA
level), with above kC charge lifetime, is yet to be demonstrated and has been one of the main focus of research in
the field of polarized electron sources. Improving the
charge lifetime from a polarized electron source will be
beneficial towards various project such as LHeC, positron
source as well as polarized electron microscope. Our gun
aims to deliver polarized electron beam with 10 mA average current and 5.3 nC bunch charge. We analyzed the
mechanism of cathode degradation and proposed using a
large strain superlattice GaAs photocathode in a high voltage DC gun to increase the charge lifetime above kilo Coulomb. An anode off-centered with transverse magnetic
kick scheme are proposed to increase the charge lifeitime.
The gun has been designed, fabricated and expected to start
commissioning by the end of this year. In this paper, we
will present the modeling of ion back bombardment and
cathode degrading. Also, we will describe the details of
gun design and the strategies to demonstrate high current
high charge polarized electron beam from this source.

pressure of water less than 10-13 torr. The GaAs coating
with robust layer is in investigating as well.
Besides the cathode and vacuum R&D, multiple operational techniques have been implemented to improve the
lifetime of GaAs photocathodes in DC guns. For example,
i) Radially offsetting the laser spot from the cathode center
to avoid high energy ion back bombardment; ii) Limiting
the cathode active area to reduce transverse beam halo; iii)
Biasing the anode or using ion cleaning electrodes to remove back bombarded ions originating from downstream
beamlines; iv) Increasing the laser spot size; v) Off-centered anode [3].
We are developing a large cathode HVDC gun based on
inverted high voltage feed through. Multiple new features
including are integrated into the gun design to expect generating kC charge lifetime time. This proceeding will discuss the analysis of the cathode charge lifetime as well we
the new features we developed.

ION BACK BOMBARDMENT ESTIMATION
The ion back bombardment dominated photocathode decay can be described by a differential equation as following.
!(#)
� � � � = −� � (�)
(1)
%
where E(t) is the emission area that is capable to emit
electrons at time t. B is the initial emission area. Idt is the
charge emits in duration of dt and F is ions generated by
1C electrons. F can be expressed as,
:
23 8
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Where ni is density of residual gas molecule, d is the
distance that ions can trace back to the cathode, � is the
ionization cross section of electron-hydrogen molecules and Efield is the field gradient along the gun axis.
Here, we are assuming the laser spot is on the centre of
the cathode. For the laser off-center case, the ion back
bombardment can be estimated by the 3D ion trackingsimulation package which developed by the authors.[4]
When the beam current is constant, solving the Eqn
1, the QE decay after duration � is

INTRODUCTION

Polarized electron sources have been used in particle and
nuclear physics experiments around the world. Improving
the charge lifetime from a polarized electron source will be
beneficial towards various electron ion collider projects
such as LHeC and CBeta-EIC. It also has recently been
shown that a high intensity polarized electron source can
be used to produce high intensity polarized positron beams
with many possible applications in the future.[1]
The most efficient way to generate short pulse polarized
electron bunches is using Super Lattice GaAs (SL-GaAs)
in a high voltage DC gun. The SL-GaAs photocathodes can
provide electron beams with a polarization of up to 92 %,
with QE of 1% approximately at IR laser illumination. To
preserve the polarization and obtain high QE, the photocathodes are prepared to have Negative Electron Affinity
(NEA) on the surface by coating with a monolayer formed
by alkali metal oxidant (O2 or NF3). This NEA layer is extremely sensitive to the residual gas and ions back bombardment during operation, causing relatively short cathode lifetime. The best charge lifetime from a SL-GaAs
cathode is no more than 400 Coulomb. Such cathodes
should be operated below 10-11 torr vacuum with partial

@
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resulting the cathode charge lifetime to be
%
%
�ℎ���� �������� = B ���(! )
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(4)

The cathode lifetime usually is defined by the QE drop
to 1/e, thus the log(B/Eend) is 1. The charge lifetime is B/F
which proportional to the cathode size and inverse propor-
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SPATIO-TEMPORAL SHAPING OF THE PHOTOCATHODE LASER
PULSE FOR LOW-EMITTANCE SHAPED ELECTRON BUNCHES∗
T. Xu1† , C. Jing2 , A. Kanareykin2 , P. Piot1,3 , J. G. Power4 ,
1 Northern Illinois University, DeKalb, IL 60115, USA
2 Euclid Techlabs LLC., Bolingbrook, IL 60516, USA
3 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
4 Argonne National Laboratory, Lemont, IL 60439, USA
Abstract
Photocathode laser shaping techniques to generate temporally shaped electron bunches are appealing owing to their
simplicity. Such a technique is being considered to form
shaped electron bunches to enhance the transformer ratio
in beam-driven accelerators. At low energy (i.e. during
the emission process) the transverse and longitudinal space
charge eﬀects are coupled so that attaining a low beam transverse emittance require the laser to be spatiotemporal shaped.
In this paper, we explore the generation of a linearly-ramped
bunch with optimized transverse emittance by temporally
and radially shaping the laser pulse to provide an adequate
initial distribution. We discuss the possible implementation of the optical shaping technique and describe a planned
experiment.

simplicity. It directly manipulates the distribution of electron
bunch at photocathode while requiring no extra modiﬁcation
of the accelerator beamline. However, in the case of a highcharge bunch or peak-ﬁeld on the photocathode, the electron
bunch will be signiﬁcantly inﬂuenced by space-charge effects which, in turn, will inﬂuence the shaping process and
possibly degrade the transverse beam emittances.
In this paper, we discuss a proof-of-principle experiment
being planned at the Argonne Wakeﬁeld Accelerator (AWA)
aimed at investigating spatiotemporal shaping of the photocathode laser pulse to produce bunch with parameters
consistent with beam-driven acceleration [7]. We especially
show, through optimization of the laser-pulse distribution
and beamline parameters that a low-emittance, high-charge,
longitudinally-shaped electron bunch can be generated and
preserved during acceleration.

INTRODUCTION
Femtosecond laser shaping technique has demonstrated
to be a useful experimental tool by providing the capability
to precisely control ultrafast laser waveforms [1]. Arbitrarily shaped laser pulses have found applications in many
ﬁelds including spectroscopy, nonlinear optics, and biological imaging [2]. For the physics of photoinjectors, shaping
of drive laser pulses at photocathode enables the formation
of optimized electron beam distribution in support of various
applications. In particular, a longitudinally shaped electron
beam is critical to the realization of eﬃcient beam-driven
acceleration. In this acceleration scheme, a drive particle
bunch passes through a high impedance structure and excites a wakeﬁeld. With proper conﬁguration, this wakeﬁeld
can be used to accelerate a trailing low-charge “witness”
bunch. It has been recognized that drive bunch with a tailored current proﬁle (e.g. linearly-ramped, or “doorstep"
distributions) can signiﬁcantly improve the transformer ratio
in beam-drive accelerator compared with symmetric (e.g.
Gaussian) current proﬁles [3].
Over the last two decades, various beam-shaping techniques have been proposed and investigated. These include.
e.g., transverse-to-longitudinal phase-space emittance exchange [4], multi-frequency linacs [5], interaction with
wakeﬁelds [6]. Among those longitudinal shaping schemes,
photocathode-laser shaping yields ample ﬂexibility and great
∗
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OPTIMIZED BUNCH FROM A
SPATIOTEMPORALLY-SHAPED LASER
PULSE
In the absence of collective and nonlinear eﬀects, the
distribution of an electron bunch photoemitted from photocathode mirrors the laser pulse distribution. During the
acceleration in RF gun, the bunch is susceptible to nonlinear
distortions imparted via space charge or due to nonlinearities associated with the RF ﬁelds. In the present work, we
consider the generation of a low-emittance electron bunch
with a linearly-ramped current proﬁle (where the head of the
bunch has a lower charge than its tail). In order to produce
the desired ﬁnal current distribution and suppress emittance
growth, we extend our previous work [8] to allow for the
optimization of the laser-pulse spatiotemporal distribution
(t, r).
Several possible parameterizations were investigated and
here we study the case where the laser temporal intensity
follows the distribution,

f
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HIGH CURRENT HIGH CHARGE MAGNETIZED AND BUNCHED ELECTRON BEAM FROM A DC PHOTOGUN FOR JLEIC COOLER*
P. Adderley, J. Benesch, D. Bullard, J. Grames, J. Guo, F. Hannon, J. Hansknecht, C. HernandezGarcia, R. Kazimi, G. Krafft1, M. A. Mamun, M. Poelker, R. Suleiman, M. Tiefenback, Y. Wang1,
S. Zhang†, Thomas Jefferson National Accelerator Facility, Newport News, VA-23606, USA
J. Delayen, S. Wijethunga, Old Dominion University, Norfolk, VA 23529, USA
1
also at Old Dominion University, Norfolk, VA 23529, USA
Abstract
A high current, high charge magnetized electron beamline was developed for fast and efficient cooling of ion
beams for the proposed Jefferson Lab Electron Ion Collider (JLEIC). In this paper, we describe recent achievements that include the generation of picosecond-bunch
magnetized beams at average currents up to 28 mA with
exceptionally long photocathode lifetime, and independent demonstrations of magnetized beam with high bunch
charge up to 700 pC at 10s of kHz repetition rates. In
addition, a detailed description of an extremely stable and
reliable fiber-based drive laser system that employs a
gain-switched master oscillator is presented. These accomplishments mark important steps toward demonstrating the feasibility of a technically challenging JLEIC
cooler design using magnetized beams

INTRODUCTION
Strong cooling of ion beams is an essential feature for
the proposed electron-ion colliders (EIC) to achieve the
desired 10331034 cm-2sec-1 luminosity [1-4]. Hadron
cooling for both Brookhaven National Laboratory (BNL)
and Thomas Jefferson National Accelerator Facility
(JLab) requires a very high average current unpolarized
high bunch charge electron beam with low emittance and
long lifetime. For JLEIC, fast cooling of ion beams will
be accomplished via magnetized electron cooling technique using a recirculator ring that employs an energy
recovery linac (ERL).
In this work, we report generation of magnetized electron beams from a 300 kV DC high voltage photogun
with an inverted insulator geometry. Emittance contribution from beam magnetization was assessed and characterized as a function of applied magnetic field and different laser spot sizes on photocathode. The experimental
results are compared with simulations. Lifetime of bialkali antimonide photocathode deposited on molybdenum
substrate was assessed at 28 mA over 2 days. In addition,
high repetition rate high bunch charge magnetized beams
were also produced and studied.
___________________________________________
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Figure 1: Illustration of main components of the magnetized electron beamline.

BEAMLINE
The magnetized electron source consists of drive laser
system, bialkali-antimonide photocathode, gun HV chamber, gun solenoid, and beamline with diagnostics (Fig. 1),
as described in detail in the following sections.

Drive Lasers
There were two distinctively different drive lasers used
for the tests described here. For high current generation, a
master-oscillator-power-amplifier system, composed of a
1.066 m gain-switched diode laser (GSDL) and multistage Yb-fiber amplifier chain followed by a harmonic
converter, was constructed to provide Watts of power with
picosecond light pulses at 533 nm. The laser system exhibits features that are highly desirable for photocathodebased electron accelerator applications such as adjustable
pulse repetition rates from 10s of MHz to a few GHz,
variable pulse width from 10s to 100s of picoseconds, and
direct synchronization to an external RF signal without
requiring rf-laser phase locking systems. Good harmonic
conversion efficiency up to 30% was achieved using a
PPLN crystal. The sub-mW picosecond seed pulses from
the GSDL were amplified to up to 8W using two single
mode Yb polarization maintaining (PM) fiber amplifiers
and a highly-doped double-clad Yb fiber power amplifier.
This laser system operated for months without intervention until key parameter changes were required.
The second laser is a commercial ultrafast laser with
pulse duration less than 0.5 ps, 20 J pulse energy, operating at 50 kHz pulse repetition and 1030 nm wavelength
(NKT Origami). The IR beam was converted to 515 nm
using a BBO crystal. To meet the pulse length requirement, a pulse stretcher consisting of a pair of diffraction
gratings and reflectors in a double pass configuration was
built. The sub-picosecond pulses were lengthened to valTUPTS105
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FIRST COMMISSIONING OF LCLS-II CW INJECTOR SOURCE*
F. Zhou+, C. Adolphsen, A. Benwell, G. Brown, W. Colocho, Y. Ding, M. Dunning, K. Grouev,
B. Jacobson, X. Liu, T. Maxwell, J. Schmerge, T. Smith, T. Vecchione, F. Wang, C. Zimmer
SLAC, Stanford, CA, USA
G. Huang, F. Sannibale, LBNL, Berkeley, CA, USA
Abstract
The LCLS-II injector source includes a 186 MHz CW
rf-gun, a 1.3 GHz CW rf-buncher, a loadlock system for
photocathode change, two main solenoids, and a few
essential diagnostics. The electron beam is designed to
operate at a high repetition rate, up to 1-MHz. Since
summer of 2018 we started LCLS-II injector source
commissioning immediately after the major installation
was completed. Initial commissioning showed the rf-gun
was severely contaminated with hydrocarbons and very
limited power <600W could be fed into the gun cavity.
After a few significant processes, we eventually removed
the hydrocarbons and successfully delivered desired rf
power of 80 kW to the gun. This paper reports first commissioning results including gun bakeout and vacuum
processing, CW RF-gun and buncher operation with nominal power, and measurements of rf stability and dark
current.

INTRODUCTION
LCLS-II currently under construction at SLAC National Accelerator Laboratory is a continuous wave (CW) xray free electron laser (FEL) user facility driven by a
4 GeV superconducting (SC) linac [1]. To meet the x-ray
FEL requirements, the LCLS-II injector must simultaneously deliver high repetition rate up to 1 MHz and high
brightness electron beam with normalized emittance of
<0.4 µm at nominal 100 pC/bunch and peak current of
12 A. The major beam requirements for the LCLS-II
injector are summarized, as given in Table 1.

eventually be removed before connecting the ~1 MeV
injector source to the first 100-MeV cryomodule.

Figure 1: Schematic of the ~1MeV LCLS-II CW injector
source under commissioning.

FIRST COMMISSIONING RESULTS
The LCLS-II RF gun and buncher were made by LBNL
[2, 3], and installed by SLAC. Since summer of 2018, we
started commissioning for the gun and buncher.

RF Gun Bakeout
The original plan was to bakeout the large rf-gun with
an average 3-4 kW of rf power. But only <600 W peak
power could be fed into the gun cavity due to the strong
multipacting effect caused by severe hydrocarbons contaminations in the gun from oil contamination in the NEG
pumps. Figure 2 shows one example of forward and reversed power waveforms when multipacting happens.

Table 1: Major LCLS-II Injector Beam Requirements
Parameter
Nominal
Gun energy (keV)
750
Bunch repetition rate (MHz)
0.93
Bunch charge (pC)
100
Peak current (A)
12
0.4
Slice emittance (m.rad)
Figure 1 shows the schematic layout of the LCLS-II injector source, which includes one 186 MHz CW normal
conducting (NC) rf-gun, one 1.3 GHz 2-cell CW NC rfbuncher for compressing the bunch length, two solenoids
for the focusing, and five pairs of steering correctors for
measuring the electron beam energy and beam steering.
Diagnostics include two BPMS, one YAG screen, one
current monitor ICT and a temporary Faraday cup (FC)
for measuring the absolute bunch charge. The FC will
___________________________________________
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Figure 2: Forward (top) and reversed (bottom) rf power
waveforms due to multipacting.
We changed strategy from an rf to a thermal bake and
baked the gun up to 190C for >10 days but no notable
TUPTS106
2171

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS108

NUMERICAL SIMULATIONS OF RHIC FY17 SPIN FLIPPER
EXPERIMENTS
P. Adams, F. Méot, H. Huang, J. Kewisch, C. Liu, P. Oddo, V. Ptitsyn,
V. Ranjbar, G. Robert-Demolaize, T. Roser
BNL C-AD, Upton, NY 11973

Abstract
Spin ﬂipper experiments during RHIC Run 17 have
demonstrated the 97% eﬀectiveness of polarization sign
reversal during stores. Zgoubi numerical simulations were
setup to reproduce the experimental conditions. A very
good agreement between the experimental measurements
and simulation results was achieved at 23.8 GeV, thus the
simulations are being used to help optimize the various Spin
Flipper parameters. The ultimate goal for these simulations
is to serve as guidance towards a perfect ﬂip (Pf /Pi ≈ −1)
at high energies to allow a routine Spin Flipper use during
physics runs.

INTRODUCTION

Spin physics programs in the Relativistic Heavy Ion Collider (RHIC) and in the future electron ion collider eRHIC
require measurement of bunch polarization with great accuracy which requires reducing systematic errors. One means
to achieve that consists of frequent reversal of bunch polarization during detector data taking. This can be done without
harming beam polarization by using a spin ﬂipper [1–3], a
device which reverses the polarization sign of all bunches
without changing other beam parameters or machine settings.

Orbit-wise this deﬁnes a closed local horizontal bump
and, spin-wise, it leaves the spin tune νs ≈ 1/2 unchanged.
The horizontal magnetic ﬁeld in the AC dipoles has
the form Bosc (t) = B̂osc cos(2πfosc (t)t + ϕ0 ) with ϕ0 a reference phase and fosc (t) = νosc (t)frev the time-varying
oscillation frequency where frev is the revolution frequency. ACD1-3 and ACD3-5 triplets both ensure the same
+φosc (t)/−2φosc (t)/+φosc (t) spin x-rotation sequence, with
φosc (t) = (1 + Gγ)

ϕ0,ACD1−3 − ϕ0,ACD3−5 = π + ψ0 .

Spin Flip Eﬃciency
Froissart-Stora formula describes the spin ﬂip eﬃciency
for the single resonance crossing,
| |2
−π


Pf = Pi 2 exp 2 α −1 ,



is

1

2

2

3

3

4

4

5

Figure 1: Spin Flipper layout.

The four y-rotator dipoles (vertical ﬁeld) are DC, with
ﬁeld integral Bdc L. They yield spin rotation angles
+ψ0 /−ψ0 /−ψ0 /+ψ0 respectively, with
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ψ0 = (1 + Gγ)

Bdc L
.
Bρ

(1)

ψ0
φosc
sin ψ0 sin .
π
2

(5)

The crossing speed (rate of sweep of νosc through νs ≈ 12 )
α=

1

(4)

where Pi and Pf is the initial and ﬁnal polarization.
The strength of the spin resonance excitation is

DC bump
ACD bump 2

(3)

This conﬁguration of the AC dipole assembly induces
a spin resonance at νosc = νs , with the phase relationship
(Eq. 3) canceling the image resonance at 1 − νs . This allows
for the spin tune to remain 12 during the spin ﬂip [1]).

| |=

ACD bump 1

(2)

Orbit-wise, each triplet ensures a locally closed vertical
orbit bump (Fig. 1). The phases of the ﬁrst (ACD1-3) and
second (ACD3-5) vertical bumps are correlated, namely,

Spin Flipper
RHIC spin ﬂipper magnet assembly is located in one of
the straight sections of the Blue ring. It consists of four
horizontal dipoles ("spin rotator") and ﬁve vertical AC
dipoles (Fig. 1) [4].

Bosc (t)L
.
Bρ

Δνosc
, dθ = 2πN
dθ

(6)

with Δνosc the AC dipole frequency span and N the number
of turns of the sweep.
The sweep time τX = N/frev is the time period during
which the AC dipole frequency is changing.

Spin Tune Oscillations and Multiple Resonance
Crossings
The synchrotron motion induces the spin tune νs oscillations [4, 5],
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STATUS OF AC DIPOLE PROJECT AT RHIC INJECTORS FOR
POLARIZED 3 He, UPDATE
K. Hock, C. Dawson, H. Huang, J. Jamilkowski, F. Méot, P. Oddo, M. Paniccia,
Y. Tan, N. Tsoupas, J. Tuozzolo, and K. Zeno
BNL C-AD, Upton, LI, NY 11973
Abstract
An ac dipole will be used for the efficient transport of
polarized 3 He in the AGS Booster as it is accelerated to
|Gγ| = 10.5. The ac dipole produces coherent vertical beam
oscillation for preservation of polarization by full spin flipping through the two intrinsic resonances: |Gγ| = 12 − νy
and |Gγ| = 6 + νy . The AGS Booster ac dipole will be tested
with protons crossing the |Gγ| = 0 + νy intrinsic resonance,
which has ac dipole requirements similar to polarized 3 He
crossing the |Gγ| = 12 − νy resonance and provides a convenient proof of principle. Beam dynamics studies are planned
for late 2019 and polarized proton experiments in early 2020.
Part of this upgrade include magnets that will also be used
by the vertical and horizontal tune kickers, providing higher
kicker strength for tune measurements at higher rigidities.
This paper gives a status of the project.

INTRODUCTION
3 He

Polarized
collisions are a part of future physics programs for RHIC and the EIC. Due to the higher anomolous
magnetic moment of 3 He in comparison with protons, 3 He
will cross several intrinsic resonances in the AGS Booster
as it is accelerated to |Gγ| = 10.5 [1–3]. To preserve polarization through these resonances, an ac dipole has been
designed for installation in July 2019. An ac dipole preserves polarization through intrinsic resonances by driving
large amplitude betatron oscillations in phase with the betatron motion, which causes all particles to sample the strong
horizontal quadrupole fields [4]. As a results, spin of all
particles is flipped and polarization is preserved.
The increased length of the horizontal kick magnet will
provide a kick strength 1.7 times stronger than the previous
magnet. The increased length of the vertical kicker will
provide a kick at 4 times the strength. The vertical kick
magnet will be shared between the ac dipole system and the
vertical tune kicker system, the mode will be controlled by
relays. This will allow tune measurements at the maximum
rigidity of the booster, 17.5 T · m. A cross section of the
vacuum assembly is shown in Fig. 1.

PROJECT STATUS
The installation is planned during the RHIC maintenance
period of 2019. Beam dynamics studies will occur in the
fall of 2019 with ions from EBIS [3]. Polarized protons will
be available from LINAC in late 2019 to allow spin studies.
These studies include: measuring the coherent motion of the
bunch, scanning the resonance proximity parameter, spin
flipping protons through the |Gγ| = 0 + νy resonance.

MC4: Hadron Accelerators
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Figure 1: Cross section of the vacuum assembly design.

The completed magnets have been assembled, shown in
Fig. 2. The ac dipole magnet’s measured inductance is
L=661 nH with a quality factor, Q=125. It’s designed to
deliver a 25 G · m kick at 322 A. At 250 kHz the reactive
power is 53.9 kVAR yielding an instantaneous power of
431W (for Q=125). During polarized 3 He operation the ac
dipole will be triggered twice (for the two resonant crossing)
for four AGS booster cycles over a four second super cycle,
yielding a 0.72% duty cycle. At this duty cycle the average
magnet losses in the vacuum will be 3 W. Initial worst case
calculations, that assumed all losses in the vacuum, were
done for Q=27; the resulting 14 W loss raised concerns over
possible ferrite outgassing due to heating. As a result of
the much lower expected magnet losses, vacuum spoiling
due to ferrite outgassing is no longer a concern. Since the
magnet inductance is so very low, the total ac dipole inductance and losses will be largely determined by the stray
inductance and ac resistance of the interconnections of the
vacuum feedthrough and termination box. These will be
measured once the termination box is assembled.
The Booster Gauss clock will be used to trigger the ac
dipole, the raw signal shown in Fig. 3. The Booster Gauss
clock can broadcasts events during various points of the
AGS Booster main magnet cycle that are available for all
systems to use as a trigger. Future ac dipole firmware will
allow it to trigger at target frequency points of the RF ramp
derived from the RF revolution tick frequency (frev ) signal.
These triggers will be internal to the ac dipole controller.
Beam position monitor (BPM) electronics have been updated for the horizontal and vertical BPMs that will be used
for the ac dipole and tune kicker. This BPM hardware is a
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SCANNING THE AC DIPOLE RESONANCE PROXIMITY PARAMETER
IN THE AGS BOOSTER
K. Hock, F. Méot, H. Huang, N. Tsoupas, P. Oddo
BNL C-AD, Upton, NY 11973
Abstract
An ac dipole system will be installed in the AGS Booster
in preparation for polarized helion experiments at RHIC
and the future EIC. An ac dipole is a device that drives
large amplitude betatron oscillations which cause all particles to sample the strong depolarizing horizontal fields in
quadrupoles, resulting in a full spin flip of all particles. The
amplitude of the vertical coherent oscillations induced by
the ac dipole depends on the resonance proximity parameter,
δm , which is the distance between the betatron tune and the
modulated tune of the ac dipole. The rapid acceleration rate
of the booster causes the modulated tune to decrease and δm
to change. The absolute change in δm depends on the energy
and the duration of the ac dipole cycle. Due to the non-zero
momentum spread, particles with different momenta will
have different value of δm and thus different coherent amplitudes. These effects are significant for helions crossing
|Gγ| = 12 − νy and are simulated using zgoubi. A suitable
range of δm values that optimize spin flip efficiency and
minimize emittance growth are determined.

INTRODUCTION
An ac dipole is being installed in the AGS Booster as
part of the future polarized helion spin program for RHIC
and the eRHIC EIC [1, 2] . An ac dipole is able to flip the
spin of all particles in a bunch by forcing large amplitude
vertical betatron oscillations with a sinusoidally oscillating
field that is in phase with the betatron motion. These large
amplitude oscillations cause all particles to sample the strong
horizontal fields in quadrupoles and results in a preservation
of polarization through spin flipping. Polarized helions will
cross two intrinsic resonances in the Booster, |Gγ| = 12 − νy
and |Gγ| = 6 + νy [3]. δm is known as resonance proximity
parameter and is defined as
δm = νm − νy,

(1)

where νm is the modulated tune, and νy is the vertical betatron tune. νm is defined as,
fm
(2)
frev
where fm is the oscillation frequency of the ac dipole, and
frev is the revolution frequency. Experience of ac dipole
operations in the AGS show that δm may need to move closer
to zero for efficient spin flipping, allowing large amplitude
vertical coherent oscillations with the same field [4].
As part of the Booster ac dipole project, simulations have
been performed to display the spin flipping effectiveness
of the ac dipole. These simulations have been performed
νm =
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assuming an ideal resonance proximity parameter, δm =0.01.
It is important to understand the minimum δm value that
provides efficient spin flipping and minimized emittance
growth. The Booster ac dipole will have a fixed frequency of
fm = 250 kHz which will constrain the vertical betatron tune,
νy , for a desired δm . To control the tune spread, sextupole
supplies are used to bring the vertical chromaticity from its
natural value for these optics of ξ = −2.64 to ξ = −0.5.

AC DIPOLE
The amplitude of the vertical coherent oscillations driven
by an ac dipole is [4],
Ycoh =

βyk θ k
4πδm

(3)

where βyk is the vertical beta function at the location of
the kicker, and θ k = Bm l/Bρ is the deflection angle of the
magnet, with Bm its peak field and l its length.
Since fm is fixed, νy must be used to control δm . Although
fm is fixed, frev will be increasing through the ac dipole ramp
which causes νm to decrease by ∆νm . The change in νm for
the duration of the cycle, ∆νm , is


1
1
∆νm = fm
−
(4)
frev,o frev,n
where frev,o is the revolution frequency at the start of the
ramp, and frev,n is the revolution frequency at the end of
the ramp. If νm > νy , Ycoh will increase as νm decreases,
whereas if νm < νy , Ycoh will decrease.
Due to Eq. (1) dependence on νy , the tune spread of the
bunch is also incorporated. The RMS tune spread is defined
as,
σνy = ξσp
(5)
where ξ is the chromaticity, and σp is the width of momentum spread. For helions in Run14 the momentum spread
was σp = 1.19 × 10−3 . The resulting coherent amplitude at
turn i is
Ycoh =

βyk θ k
1

4π[fm [ frev,o −

1
frev,i ]

(6)

+ δm + ξδp ]

The vertical envelope (in the absence of dispersion) of
the beam through the ac dipole cycle, Rcoh , will follow Ycoh
with the addition of the beam envelope,
p
Rcoh = Ycoh + βy εy
(7)
Comparison of Eq.( 3) and Eq. (6) are shown in Fig. 1.
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STUDY ON IMPROVING DURABILITY OF Cs-Te PHOTOCATHODE FOR
AN RF-GUN
T. Tamba†, J. Miyamatsu, K. Sakaue1, M. Washio, Waseda University, Tokyo, Japan
1
also at the University of Tokyo, Tokyo, Japan

Abstract

At Waseda University, we have been studying for high
quality electron beam generation using 1.6 cell Cs-Te photocathode rf-gun. We use photocathode as the electron
source, which can generate high- quality electron beam
such as low emittance, and short bunch. The performance
of photocathode is evaluated mainly in terms of quantum
efficiency (Q.E.) and lifetime. Cs-Te photocathode used in
the rf-gun is known for high Q.E. about 10% with UV light
and relatively longer lifetime among semiconductor photocathodes.
Since it is a hard environment for photocathode inside
the gun, it is necessary to replace the photocathode every
several months. In other words, in order to achieve longterm operation of rf-gun, it is necessary to find highly durable photocathode recipe. It has been reported that the CsTe photocathode by co-evaporation can produce a photocathode having a longer lifetime as compared with the sequential evaporation. Moreover, we have done studies to
improve lifetime and durability of Cs-Te photocathode by
coating the cathode surface with CsBr thin film. In this
conference, we report the evaluation results of Cs-Te photocathode by co-evaporation, CsBr coating and future prospects.

INTRODUCTION

In recent years, the demand for high brightness electron
beam is rising for practical applications such as the free
electron laser (FEL) and the energy recovery linac
(ERL)[1-5]. Photocathodes are useful electron sources for
generating high brightness and low-emittance beam. Semiconductor photocathodes, which have higher Q.E. compared with metal photocathodes, [6, 7] are especially expected to be the candidates for an electron source that requires high brightness and high current beam. However,
there is an issue that semiconductor photocathodes generally have a shorter lifetime and require ultra-high vacuum
or an even better vacuum environment [8].
Though, photocathodes are used in both DC guns and rfguns [9], the requirements of characteristics for the photocathodes are different in each electron gun. At present, we
are using the photocathode rf-gun for the generation of
high brightness electron beam. In the rf-gun cavity, it is difficult to achieve both extreme high vacuum and high efficiency (i.e. high Q.E.). Deterioration of vacuum degree inside the cavity due to Joule heat and discharge is to be
caused by the rf electric field. The rf electric field itself directly causes deterioration of the cathode. Cs-Te photocathode, which has relatively long lifetime, is often used in rfguns [10,11]. In our case, it is necessary to exchange the

photocathode every several months due to decrease of
Q.E[12].
The purpose of this research is to make the Cs-Te photocathode withstand longer-term rf-gun operation even under the above-mentioned environmental conditions. It has
been reported that Cs-Te photocathode by co-evaporation
tends to have a longer lifetime as compared to that by sequential evaporation process [13].
At Waseda University, we have been studying an S-band
rf electron gun [14,15] and the application of high quality
electron beams to laser Compton scattering experiments
[16], pulse radiolysis [17] and so on [18]. We usually use
Cs-Te photocathode as an electron source and maintain
high Q.E. by exchanging the cathode every six months.
Thus, we have been investigating the effectiveness of CsTe photocathode by co-evaporation in order to reduce the
number of the cathode exchange.

EXPERIMENTAL DETAILS
Evaporation Chamber
Figure 1 shows the appearance of evaporation chamber
at Waseda University, which is used to fabricate photocathode. In the evaporation chamber, each material to fabricate
Cs-Te and coated photocathode surface, namely Cesium,
Tellurium and CsBr are set on evaporation source holder.
We can evaporate each element to Mo substrate by applying the electrical heating. The evaporation source holder is
placed between quartz crystal microbalance and Mo substrate during the evaporation, so we can evaporate under
the monitoring of the thickness for each evaporation material. However, we cannot measure the thickness of Cesium
and Tellurium at the same time during co-evaporation. The
photocathode evaporation chamber is shown in Fig. 2 and
the evaporation source holder is shown in Fig. 3.

Figure 1: Evaporation Chamber.

____________________________________________
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STAND-ALONE ACCELERATOR SYSTEM BASED ON SRF QUARTERWAVE RESONATORS*
S.V. Kutsaev†, R. Agustsson, R. Berry, D. Chao, RadiaBeam Systems, Santa Monica, CA, USA
Z.A. Conway, Argonne National Laboratory, Lemont, IL, USA
Abstract
Superconducting accelerators are large and complex systems requiring a central refrigerator and distributed transfer
systems to supply 2-4 K liquid helium. Stand-alone, cryocooler-based systems are of interest both to scientific facilities and for industrial applications, as they do not require large cryogenic infrastructure and trained specialists
for operation. Presented here is our approach to the challenge of using low-power commercially available cryocoolers to operate niobium superconducting resonators at
4.4 K with high accelerating voltages and several watts of
heating. Engineering and design results from RadiaBeam
Systems, collaborating with Argonne National Laboratory,
for a stand-alone liquid-cooled cryomodule with 10 Watts
of 4.4 K cooling capacity housing a 72.75 MHz quarterwave resonator operating at 2 MV for synchronous ions
travelling at 7.7% of speed of light will be discussed.

energy nuclear physics, is actively working on the expansion of their scientific capabilities and require additional
SRF resonators in experimental areas where no helium cryogenics are available. Examples of the applications of the
SRF resonators at ATLAS include the following [1]:
• Multi-User Upgrade (MUU) re-accelerator in the general-purpose beamline.
• De-buncher cavity the Argonne In-flight Rare Isotope
Separator (AIRIS).
• A high-performance buncher before a beam switch
yard.
ATLAS, however, does not have excess refrigeration capacity in the existing main refrigeration system to support
operations in the experimental areas. A stand-alone cryomodule would eliminate the need for additional cryoplants or capacity.

This is a preprint — the final version is published with IOP

INTRODUCTION
Typical superconducting RF (SRF) accelerators are relatively large complex systems requiring a central refrigeration system and complex piping to distribute liquid helium and nitrogen to the accelerator. However, in recent
years the development of self-contained GiffordMcMahon (GM) and pulse tube refrigerators have continued to improve in both reliability and capacity. Today a
number of superconducting magnet designs rely on those
systems and have resulted in a significant expansion of the
applications for such magnets. The cooling capacity of
these systems has become great enough to consider their
application for cooling SRF resonators and associated
components. As long as the SRF cryomodule heat load is
well managed, and attention is carefully paid to the issues
of total cooling requirements and vibration, a cryocooled
SRF cryomodule is realizable. Such systems are of interest
both to scientific facilities and for industrial applications as
they do not require massive and extremely expensive cryogenic facilities (4.4 K) and the trained specialists required
for their operation. Stand-alone accelerators can be used as
bunchers or accelerating sections in large accelerator facilities or as turn-key accelerator systems for industrial applications such as materials processing, semiconductor manufacturing, food irradiation and homeland security.
For example, the Argonne Tandem Linac Accelerator
System (ATLAS), a national user facility for stable low___________________________________________

* This material is based upon work supported by the U.S. Department of
Energy, Office of Nuclear Physics, under contracts number DESC0017101 and DE-AC02-06CH11357. This research used resources of
ANL’s ATLAS facility, which is a DOE Office of Science User Facility
† kutsaev@radiabeam.com
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Figure 1: Conceptual engineering design of the stand-alone
QWR-based cryomodule.
In response to this need, RadiaBeam Systems in collaboration with Argonne National Laboratory has developed
a stand-alone cryomodule, based on a commercially available cryocooler, for the dressed 72.75 MHz quarter-wave
resonator (QWR) [2]. QWR was designed and fabricated
at Argonne for the ATLAS intensity upgrade project [3],
as shown in Figure 1. The dressed cavity, developed by Argonne, can provide up to 2 MV voltage gain for particles
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MICROWAVE THERMIONIC ELECTRON GUN FOR SYNCHROTRON
LIGHT SOURCES*
S.V. Kutsaev†, R. Agustsson, R. Berry, D. Chao, O. Chimalpopoca, A.Yu. Smirnov, K. Taletski, A.
Verma, RadiaBeam Systems, Santa Monica, CA, USA
M. Borland, A. Nassiri, Y. Sun, G. Waldschmidt, A. Zholents, Argonne National Laboratory,
Lemont, IL, USA
Abstract
Thermionic RF guns are the source of electrons used in
many practical applications, such as drivers for synchrotron light sources, preferred for their compactness and efficiency. RadiaBeam Systems has developed a new thermionic RF gun for the Advanced Photon Source at Argonne
National Laboratory, which would offer substantial improvements in reliable operations with robust interface between the thermionic cathode and the cavity, as well as better RF performance, compared to existing models. This improvement became possible by incorporating new pi-mode
electromagnetic design, robust cavity back plate design,
and a cooling system that will allow stable operation for up
to 1 A of beam current and 100 Hz rep rate at 3.0 μs RF
pulse length, and 70 MV/m peak on axis field in the cavity.
In this paper we discuss the electromagnetic and engineering design of the cavity and provide the test results of the
new gun.

energies of up to 4.5 MeV and peak macro pulse currents
of up to 1.3 A. Normal operating RF pulse parameters are
~1μs at a repetition rate of ~15 Hz. More details of the gun
parameters may be found in [3].
At the same time, RadiaBeam has developed and demonstrated a compact source of narrow bandwidth free space
THz radiation [4] using the actual APS gun at the Injector
Test Stand facility. A thermionic injector generates an electron beam, which is compressed in an alpha magnet and
propagated through a few cm-long corrugated pipe radiator. A prototype system was commissioned at ANL,and
demonstrated a strong signal (> 50 μJ/cm2), at 500 µm
wavelength, in ~ 5% bandwidth. While the initial commissioning of this THz source has so far been very encouraging, pushing the system performance envelope beyond 2
THz also requires an update of the RF gun performance.

This is a preprint — the final version is published with IOP

INTRODUCTION
A thermionic RF gun is a compact and efficient source
of electrons used in many practical applications. Electron
guns are used in electron microscopes, electron beam welders, and as sources for particle accelerators. Thermionic RF
electron guns were developed at SLAC/SSRL for the Stanford Positron Electron Accelerating Ring (SPEAR) project
[1]. These are thermionic emitters where an electron beam
is pulled by RF field from the surface of a heated cathode.
Conventional RF guns can offer high average beam current, which is important for synchrotron light and THz radiation sources facilities, as well as for industrial accelerators. Most of the light sources worldwide are storage ring
based, and thus rely on thermionic guns for their operation.
Unfortunately, they have decades-old thermionic RF gun
technology, and are due for an upgrade.
The Advanced Photon Source (APS) at Argonne National Laboratory (ANL) is a national synchrotron-radiation light source research facility that utilizes a thermionic
cathode RF gun system capable of providing beam to the
APS linac [2]. The current RF gun is a 1.6-cell side-coupled structure, operating at 2856 MHz frequency. Typically, the RF gun is powered with ~3.5 MW pulsed power
but can sustain up to 7 MW via an end-coupled waveguide.
The cathode used is a tungsten dispenser cathode with a
diameter of 6 mm. The gun can produce peak beam kinetic
___________________________________________
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Figure 1: Picture of RadiaBeam’s thermionic gun.
The design of a new, more stable and reliable gun with
optimized electromagnetic performance, improved thermal
engineering and more robust cathode mounting technique
is a critical step to improve the performance of existing and
future light sources, industrial accelerators, and electron
beam driven terahertz sources.

ELECTROMAGNETIC DESIGN
RadiaBeam in collaboration with APS have developed a
new reliable and robust thermionic RF gun (see Figure 1)
with the parameters specified in Table 1. This RF gun for
synchrotron light sources would offer substantial improvements over existing thermionic RF guns and allow stable
operation with up to 1A of beam peak current at a 100 Hz
pulse repetition rate and a 3.0 μs RF pulse length.
TUPTS113
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ELECTRON STIMULATED DESORPTION FROM CRYOGENIC NEGCOATED SURFACES
R. Širvinskaitė†1, O. B. Malyshev, R. Valizadeh, A. Hannah, ASTeC, STFC Daresbury Laboratory,
WA4 4AD Warrington, UK
M. D. Cropper, Loughborough University, LE11 3TU Loughborough, UK
S. Wang, NSRL, USTC, 230029 Hefei, China
1
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Abstract
Non-Evaporable Getter (NEG) coating has been used for
years in many particle accelerators due to its advantages
like evenly distributed pumping speed, low thermal
outgassing, and low photon, electron and ion stimulated
desorption yields. Although NEG coating has been tested
at room temperatures intensively, there is little data on its
behaviour at cryogenic temperatures. Tests in this
environment are important for the Future Circular Collider
(FCC) study and other accelerator facilities where the
operational conditions of the beam screen are restricted to
cryogenic temperatures. This work will provide some
preliminary results on NEG properties at low temperatures,
e.g. pumping speed and capacity, as well as its behaviour
under electron bombardment, where electron stimulated
desorption (ESD) yields will be calculated. The ternary TiZr-V coating, deposited with dense and columnar structure,
will be the first material to be tested at cryogenic
temperatures in ASTeC Daresbury laboratory. The results
were compared with the ones obtained at room
temperature, offering an insight into the behaviour of
NEG-coated cryogenic chambers when beam-induced
effects are present.

to study how low temperatures influence sticking
probability of the coating and ESD yields from it.

DEPOSITION

INTRODUCTION

Two samples were deposited in ASTeC from a Ti-Zr-V
target provided by NSRL, USTC (China). This specific
composition of the coating was chosen due to a larger
amount of results on pumping properties and ESD at room
temperature (RT) being available [6-8] and refs. within].
The identical substrates were 316LN stainless steel tubes
with a length of 50 cm and an inner diameter of 3.8 cm
equipped with CF40 flanges on both ends. The deposition
facility has been described in ref. [11]. A Ti-Zr-V target,
with a chemical composition (atomic percentage) of
Ti:Zr:V roughly being 1:1:1, in a form of a 3-mm diameter
alloy wire was used for the deposition. Both substrates
were prepared and deposited under the same conditions.
After installing the sample substrate, the deposition facility
was baked at 150 °C for four days. After cooling down, the
pressure in the system was approximately 2×10-9 mbar. The
deposition was performed with Kr as a discharge gas at 0.1
mbar with a DC power supply, at the substrate temperature
in the range of 90-110 °C. Deposition parameters were
selected (from previous experience) to result in a columnar
structure of NEG coating.

The non-evaporable getter (NEG) coating was
developed at CERN [1-5] and since has become an
important vacuum technology. Not only does it provide
distributed pumping but also reduces the photon and
electron stimulated desorption (PSD and ESD) yields [68], which allows reduction of the number of pumps and
their size (i.e. pumping speed). It is often the only way to
ensure that required UHV conditions are reached in long
and narrow vacuum chambers in particle accelerators.
However, a beam vacuum pipe of the Future Circular
Collider (FCC) would be exposed to conditions that have
not yet existed in any accelerators before. Not only will the
beam pipe have a large aspect ratio, and hence limited
vacuum conductance, but also it will be placed inside a 1.9
to 4.5 K coldbore. The temperature of the beam pipe will
be in the range of 20 to 40 K [9]. Since the vacuum
conductance is proportional to √𝑇, the distributed pumping
created with NEG coating could play an important role in
ensuring UHV conditions in the beam pipe. However, the
behaviour of the NEG coating at low temperatures has not
been extensively investigated. [10]. In this study, two TiZr-V samples were tested at various temperatures in order

The samples were vented to air and transferred to the
NEG-coating characterisation facility [11-13] located at
the same laboratory and experiments performed.
Sample 1 was used to study the H2 and CO initial
sticking probabilities and CO pumping capacity of the
NEG material in RT. Gases were injected in to the system
through a gas injection line at the bottom of the NEG
coated tube. During the gas injection, the valves to the
other pumps were closed. Partial pressures were measured
at the top and bottom of the tube by using residual gas
analysers (RGAs). The ratios of partial gas pressures were
calculated and used for obtaining the sticking probability
and pumping capacity.
Sample 2 was to be installed on another testing chamber
allowing control of the sample temperature in the range of
90-300 K with liquid nitrogen (LN2) flowing through a
sample chiller. Kooltherm® phenolic pipe insulation was
used to cover the chiller, the tube and bellows at either side.
The other parts of the test facility remained at RT. This
system allowed ESD measurements using a Thoria coated
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THE PROGRESS IN PHYSICAL START-UP OF THE NSC KIPT
SUBCRITICAL NEUTRON SOURCE FACILITY DRIVEN BY AN
ELECTRON LINEAR ACCELERATOR *
Andrii Mytsykov, Olexander Bykhun, Peter Gladkhih, Ivan Karnaukhov, Andrey Zelinsky†,
Igor Ushakov, Vadym Stomin, NSC KIPT, Kharkov, Ukraine
Abstract
National Science Center “Kharkov Institute of Physics
&Technology” (NSC KIPT), Kharkov, Ukraine and
Argonne National Laboratory (ANL), Chicago, USA are
jointly constructing and commissioning the Ukraine
Neutron Source facility. The facility consists of a
subcritical assembly driven by a 100MeV/100kW electron
linear accelerator. The electron beam will be used for
generating the neutrons for operating the subcritical
assembly using tungsten or natural uranium target. The
facility is planned to support the Ukraine nuclear industry,
and provide a capability for performing reactor physics,
material research, and basic science experiments, to
produce medical isotopes, train young nuclear
professionals.
The integrating facility tests were completed at the end
of 2018, and physical start-up operation began in 2019.
The facility commissioning and current start-up results
are presented and discussed in the paper.

INTRODUCTION
During 2010-2017 ADS Subcritical Assembly Neutron
Source [1-2] was under design and construction in NSC
KIPT, Kharkov, Ukraine. In 2016 the construction,
assembling and installation of the main technological
systems of the Neutron source were completed. In 20162017 commissioning of the facility technological systems
were started. During 2018, a modification of the
accelerator control system, an electron gun, and a
diagnostic system was performed [3].
In 2018, individual tests of all systems were completed.
Integrating tests of the Nuclear SCA facility including
assembling of the neutron producing target in the facility
core and operating of all technological systems in all
operation modes without fuel loading were completed in
the end of 2018.
Now NSC KIPT SCA Neutron Source facility is at the
stage of preparation for a physical start-up that includes
nuclear fuel loading, measurement of the multiplication
factor keff, value, experimental investigation of the neutron
characteristics of the facility in order to confirm the
facility’s nuclear safety.
The main facility specifications are shown in Table 1.

Table 1: Main NSC KIPT Neutron Source Parameters
Parameter
Electron energy, MeV
Electron beam average
power, kW
Neutron generating
target
Target photoneutron
output, n/s
Neutron multiplication
factor keff
Fissionable material of
the core
Neutron reflector
Moderator&coolant
Thermal power, kW

Value
100
100
U, W
3.01·1014 (U-target)
1.88·1014 (W-target)
0.98 max
Low enriched uranium with
19.7% of 235U isotope
Two zones: beryllium inner
zone, graphite external zone
Demineralised water (H2O)
200 (U-target)
136 (W-target)

NSC KIPT NEUTRON SOURCE START-UP
PROCEDURE
The procedure of the NSC KIPT Source start-up, loading
the fresh fuel to the SCA core is determined by the Ukraine
Nuclear Safety Regulatory documents. According to the
documents, the fuel loading should be performed on the
base of, at least, two independent neutron flux measuring:
The loading procedure approved by the State is the
following:
x The first set of the fuel element loading is 10 % out of
the calculated SCA facility critical mode (keff=1) fuel
element number;
x The second set of the fuel elements is loaded to the
core after keff measurements, that should match with 10 %
core loading;
x The next steps of the loading should not exceed 25 %
of the remained part of the fuel loading with keff monitoring
with the area measuring method after each loading step.
According to the conclusion of the Ukraine State
Expertise on the NSC KIPT SCA Neutron Source facility
design project and Preliminary Safety Analysis Report
(PSAR), it was agreed that the first set of the fresh fuel
elements should include 35 elements with further
increasing the number of the fuel elements up to 38.

___________________________________________
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ADJUSTMENT AND IMPROVEMENT OF 100 MeV/100 kW ELECTRON
LINEAR ACCELERATOR PARAMETERS FOR THE NSC KIPT SCA
NEUTRON SOURCE*
V. Androsov, O. Bezditko, O. Bykhun, A. Gordienko, P. Gladkikh, V. Grevtsev, A. Gvozd,
V. Ivashchenko, D. Kapliy, I. I. Karnaukhov, I. M. Karnaukhov, V. Lyashchenko, M. Moiseenko,
A. Mytsykov, A. Rezayev, A. Shevtsov, D. Tarasov, V. Trotsenko, A. Zelinsky, NSC KIPT,
Kharkov, Ukraine

Abstract
The NSC KIPT SCA neutron source (subcritical assembly) uses 100 MeV/100 kW electron linear accelerator as a
driver for the production of the initial neutrons. The linac
was designed and manufactured by the Institute of High
Energy Physics (IHEP) of China. At present, the accelerator was assembled at NSC KIPT, all the components were
tested, and the first beam commissioning results are obtained. The pilot operation of the accelerator was started in
2018. The progress in the accelerator system operations
and improvement of the electron beam performance are described in the paper.

INTRODUCTION

100 MeV/100 kW electron linear accelerator is a driver
of the ADS NSC KIPT neutron source (accelerator driven
source) [1-3]. The design parameters of the accelerator are
shown in Table 1:
Table 1: Main KIPT Linac Parameters

Parameter
Value
RF frequency
2856 MHz
Beam energy
100 MeV
Pulse beam current (max.)
0.6 A
Average beam power
100 kW
1.3 %
Energy spread (1)
5×10-7 m rad
Emittance (1)
Beam pulse length
2.7 s
RF pulse duration
3 s
Pulse repetition rate (max)
625 Hz
Klystron power
30 MW/50 kW
Number of klystron
6
Number of ACC. Structure
10
Length of ACC. Structure
1.338 m
Gun voltage
~120 kV
Gun beam current (max)
2A
In 2015 and 2016 the technological systems commissioning and beam commissioning were started [4], and in
spring 2017 the design value of pulse electron beam current
was obtained in the end of the accelerator regular part.
During the first half of 2018 Regulator approved the program of individual State accepting tests and all accelerator
___________________________________________
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technological systems and control system were prepared
for the individual State accepting tests.
In early July of 2018, the individual accepting tests were
carried successfully with few experts’ comments that
should be satisfied until the SCA neutron source integrating tests.
During the tests accelerator demonstrated the possibility
to operate with 50 Hz repetition rate and 600 mA pulse current, but the majority of the tests were done with 2 Hz repetition rate and pulse current of about 200 mA.

IMPROVEMENT OF ACCELERATOR
TECHNOLOGICAL SYSTEM
PERFORMANCE
After State integrating tests the main directions of the
activity were:
1. Maintenance and preparation to the SCA physical start
up of all accelerator technological systems and control
system.
2. Modification of technological system and electron
beam parameters optimization.
Besides, a few systems important for the beam operation
and the facility nuclear safety were modified, commissioned and tested.
The fast interlock block (FIB) of the accelerator was designed and tested. The FBI allows to stop trigger signal of
the first klystron modulator and triode electron gun simultaneously in a case of alarm signal from any technological
system or device at any of 22 input sockets. The time of
interlock is 400 µs. In addition, the block was equipped
with light alarm signalization set in control room.
Additional water interlock system of so called “direct action” with analog electrical elements only was designed.
The task of the system is to switch off the magnetic element
DC power supply in the case of water circulation absence
or blockage at some of the element of cooling loop. The
system uses relays and air switchers only (without controllers use).
Strip-Lame Screen Monitor (SLS) of the KIPT neutron
source is used to measure the beam energy spread in the
injector and the transport line. During pilot operation, it
was found that graphite electrode diameter and secondary
emission capacity of the designed SLSs do not provide appropriate signal from electrodes to amplifiers. In addition,
some errors have been done during electronics design and
development. That is why, we changed the graphite electrodes with aluminium foil electrodes of 7 mm width that
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PHOTOCATHODE ACTIVITIES AT INFN LASA
D. Sertore†, P. Michelato, L. Monaco, G. Guerini Rocco, Istituto Nazionale di Fisica Nucleare LASA, Segrate, Italy
C. Pagani, Università degli Studi di Milano & INFN, Segrate, Italy
S.K. Mohanty1, DESY Zeuthen, Zeuthen, Germany
1
also at INFN-LASA, Segrate, Italy
Abstract
We present the activity on alkali antimonide photocathodes at INFN LASA. The long-term goal is to transfer to
these photocathodes the know-how acquired in the successful development of cesium telluride photocathodes,
nowadays successfully used in many leading FEL facilities
and accelerator complex. In this paper, we present and discuss the results so far obtained on alkali antimonide films
grown in our R&D system and the status of the new preparation system specifically designed for these sensitive materials.

INTRODUCTION
INFN LASA has a long experience [1] in the production
and handling of cesium telluride photocathodes used as laser trigger electron sources in RF guns in many accelerators for FEL in Europe (FLASH, PITZ, XFEL) and in the
USA (FNAL, LBNL, LCLS-II).
Nowadays, Cs2Te photocathodes provide beams and
guarantee 24/24h and 7/7days operation to these user facilities. This is possible due to their performances and the development of dedicated systems that allow maintaining
these characteristics. The key performances are very stable
QE (number of emitted electrons per incident photons),
good robustness with respect to the RF gun environment,
low dark current during operation in high electric fields and
good emittance satisfying the requests for the accelerators
where they are in operation. We preserve these qualities by
proper handling in UHV environments from the production
to the insertion into the RF guns avoiding any contamination from detrimental gases.
The operation of our photocathodes relies on the laser
specifications that, shining on the photocathode film, trigger the electron emission generating bunches with the
proper temporal structure. Moreover, there has been always
a concern about the lowest thermal emittance achievable
value. This parameter has now been measured in many laboratories either directly in the RF gun [2-3] or in the production labs [4] and it has been shown to be a no showstopper for the present requirements for Cs2Te operation in accelerator-based FEL.
Recent projects are aiming to CW (Continuous Wave)
operation of the accelerator to be able to achieve MHz extraction of bunches from photocathodes. This poses challenging requirements to laser specifications that can hardly
be achieved with present photocathodes. To investigate the
possibility to overcome the limitations so far discussed of
___________________________________________
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our Cs2Te photocathodes while maintaining their performance, we have recently started an activity on visible sensitive photocathodes mainly based on alkali antimonide
compounds [5], on the basis of the experience we gathered
in the past on these types of photocathode when we applied
also surface science techniques to investigate the material
growth [6].
This activity on visible sensitive photocathodes is developed in collaboration with PITZ in DESY Zeuthen where
we plan to test our photocathodes for fall 2019 to have
feedback on a “real” environment operation and use it to
improve the growth process.

EXPERIMENTAL LAYOUT
The R&D activity on green cathodes has been developed
in our dedicated laboratory [6] where we have a UHV (Ultra High Vacuum) system of interconnected chambers
where the samples can be moved keeping the vacuum conditions. In this system, we have available: a cathode growing chamber with a base pressure in the 10-11 mbar range
provided by eight NEG St707® modules from SAES Getters; a -metal chamber hosts a Time Of Flight detector,
based on a Nd:Glass fs-laser, to measure the thermal emittance of the cathodes within an electron energy range from
0.3 eV up to 5 eV, angle-resolved; an outdated AES (Auger
Electron Spectrometer) for basic investigation on contaminants present on the sample surface.
The laser light sources available to illuminate the photocathodes are in the range 457 nm to 633 nm and comprehend an Ar+ and three He-Ne lasers. We have also available
broadband sources as Hg, Xe-Hg and D2 lamps and a Laser
Driven Light Source (LDLS) with dedicated monochromators.

Preparation for Deposition
For the R&D activity, we are not depositing our photocathodes on the plugs operated in RF guns but instead we
use smaller samples that can be easily handle. They are machined from a thin slab of high purity molybdenum
(99.95 %) and then they might be polished to mirror like
finishing (reflectivity > 54 % @ 543 nm w.r.t. 57 % theoretical) to allow reflectivity measurements during and after
the photocathode growth. After the polishing, they are then
ultrasonically cleaned before loading into the vacuum system. Each sample is heat up to 450 °C for at least one hour
to remove eventual residual on the surface before starting
the deposition process.
We use custom made sources for Sb and SAES Getters
dispensers for Cs and K. Each source is carefully degassed

TUPTS117
2203

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPTS118

LASA ACTIVITIES ON SURFACE TREATMENT OF LOW-BETA ELLIPTICAL CAVITIES
M. Bertucci†, A. Bignami1, A. Bosotti, M. Chiodini2, A. D'Ambros, P. Michelato, L. Monaco, R.
Paparella, L. Sagliano1, D. Sertore, INFN/LASA, Segrate (MI), Italy
D. Rizzetto, M. Rizzi, Ettore Zanon S.p.A., Schio (VI), Italy
C. Pagani, Università degli Studi di Milano and INFN LASA, Segrate, Italy
1
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Abstract
This paper describes the efforts made by LASA on the
development of surface treatments for low-beta elliptical
cavities, for the current series production of ESS and the
foreseen series production of PIP-II. The traditional techniques of buffered chemical polishing and electropolishing
are here discussed taking into account the industrial environment, the practical issues due to the size and geometry
of such cavities and according to the required qualification
values for quality factor and accelerating gradient.

INTRODUCTION
In the past years, INFN-LASA has been involved in the
series production of superconducting Nb cavities for several projects, such as the European XFEL in which the surface treatments of Tesla Shaped 1.3 GHz cavities (bulk
Electropolishing - EP), and also the third harmonic 3.9
GHz cavities (bulk Buffered Chemical Polishing - BCP),
has been developed and optimized at the industrial qualified vendor Ettore Zanon SpA. The LASA current and future activity is focused on cavities for proton acceleration:
the series production of 36 =0.67 704 MHz cavities for
ESS, currently ongoing, and the forthcoming prototype
production of 2 multicell =0.61 650 MHz cavities for PIPII. ESS specifations for medium beta cavities are 𝐸
5 ∙ 10 at nominal 𝐸 . Given
16.7 𝑀𝑉/𝑚 with a 𝑄
such moderate values, our previous experience on
TRASCO low  cavities [1], and the encouraging results
obtained on first prototypes [2], BCP has been the natural
choice as bulk and final surface treatment for the series
production of ESS cavities. Conversely, PIP-II specs are
16,9 𝑀𝑉/𝑚 with a 𝑄
2,15 ∙ 10 at nominal
𝐸
𝐸 [3]. This more ambitious target for Q is unlikely to
be reached with a BCP treatment, given the characteristic
Q-slope of BCP-treated cavities. For this reason, the EP
treatment has been chosen. The difference in size and shape
requires a careful optimization of treatment parameters and
also a partial refurbishment of the BCP and EP facilities.

1 ratio. On the whole, in order to get rid of the damaged
layer, 200 m have to be removed by the bulk BCP treatment. As reported in [4, 5], a strong asymmetry in the removal rate can be noticed by ultrasound thickness measurement and also on cavity field flatness variation before
and after the treatment. For this reason, the treatment is divided in two batches of 90 m and 110 m, with the cavity
turned upside-down at the end of the first treatment. The
acid inlet and outlet temperature are continuously monitored during the treatment. The reaction rate critically depends on acid temperature, and even a modest increase of
temperature could locally result in a remarkable enhancement of etching rate, in its turn heating the cavity walls and
increasing the Nb temperature. Aiming to monitor such effect, several fast reading thermocouples are installed on
cavity external surface. One should expect that as long as
the inlet acid temperature remains stable, also the thermocouple reading will. In order to control the etching rate
during the process, an ultrasound transducer probe is
placed in contact with cavity surface and the thickness is
continuously readed during the process by Olympus 38DLplus gage with a m resolution. A Nb sample is inserted
inside the main couper so to evaluate the material removal
by the difference of weight before and after the treatment
and to monitor potential surface contaminations. Fig.1
shows the positions of the above mentioned items for a typical bulk treatment with main coupler oriented down.

BCP OF ESS MEDIUM BETA CAVITIES
The series production of ESS medium beta cavities is
currently ongoing. Cavities are treated in the Ettore Zanon
SpA BCP facility located in a ISO7 clean room. The employed acid mixture is, as usual, H3PO4+HNO3+HF in 2:1:
___________________________________________

Figure 1: Thermocouples, ultrasound probe and Nb
sample position during a BCP treatment with MC down.
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STATUS OF THE ESS MEDIUM BETA CAVITIES AT INFN - LASA
P. Michelato†, M. Bertucci, A. Bignami1, A. Bosotti, M. Chiodini2, A. D’Ambros, L. Monaco,
R. Paparella, L. Sagliano1, D. Sertore, Istitituto Nazionale di Fisica Nucleare - LASA, Segrate, Italy
C. Pagani, Università degli Studi di Milano and INFN LASA, Segrate, Italy
A. Miraglia, S. Aurnia, O. Leonardi, G. Vecchio, INFN LNS, Catania, Italy
1
now at European Spallation Source, Lund, Sweden
2
now at CERN, Geneve, Switzerland
Abstract
INFN-LASA contributes in-kind to the European
Spallation Source ERIC with 36 (plus two spares) 6-cell
cavities for the Medium Beta section of the
Superconducting Linac. After having developed the
electromagnetic and mechanical models, few prototypes
have been produced and tested. Based on this experience,
we are now supervisioning the cavity production at the
industry, the resonators test at DESY and the delivery to
CEA at Saclay. In this paper, we report on the status of the
overall INFN-LASA contribution including also document
handling, interface data exchange and QA/QC.

INTRODUCTION
The European Spallation Source, now in the installation
phase at Lund (Sweden), will accelerate a proton beam up
to 2.0 GeV to produce, by the spallation process, neutrons
to investigate fundamental process of the physical world.
The accelerator complex is composed of different
sections as reported in Fig. 1. INFN LASA contribution is
focused on the Medium Beta (MB,  = 0.61) cavities [1] to
be used to accelerate the proton beam from 216 to
571 MeV. In collaboration with CEA, our cavities will be
integrated into cryomodules in France before being
delivered to ESS for installation into the tunnel.
INFN LASA has started working on this type of cavity
developing its electromagnetic and mechanical design. The
rationale of our design has been to improve the cell-to-cell
coupling to improve HOM extraction and mode separation
at the expense of a slightly higher Epeak/Eacc and reductions
of R/Q [2]. Moreover, an extensive work was done to
identify trapped monopoles modes below the cut-off
frequency of the beam pipes, not having this cavity any
HOM damper [3].
Based on these studies, a prototype has been fabricated
in collaboration with the industry to establish a validated
procedure for the upcoming series production. The results

obtained have been extremely encouraging, largely
overcoming the ESS specifications [4]. The prototype has
been afterwards integrated, together with other three CEA
cavity prototypes, in the demonstrator module M-ECCTD
assembled and successfully tested at CEA [5].
In 2016 we have launched the international call for tenders for the Niobium materials and for the cavity fabrication. The tenders were selected and the contracts awarded
about six months later.

NIOBIUM MATERIAL
All the Niobium parts needed for the fabrication of the
ESS cavities have been delivered by OTIC Ningxia. The
482 sheets have been delivered in three lots while the
remaining parts have been shipped with the first lot of
sheets.
All the Nb sheets have been eddy current scanned at
DESY to detect mainly inclusions of foreign materials but
also geometrical imperfections (scratches, thinner sheets,
etc.). By this analysis, the side to be exposed to RF is
detected.
Figure 2 reports the results of the scanning identifying
also the reasons for sheets non-conformity. None of the
sheets has inclusions. Few of them have some scratches
and only one was thinner than the requested tolerances.
More than 80 % of the sheets have been accepted after the
scan of the first side while the overall acceptance level is
larger than 98 %.

CAVITY PRODUCTION CYCLE
Fabrication and Preparation for the Test
Based on the experience of the XFEL production, a
“built to print” production process has been chosen also for
the ESS MB cavities. This process consists in setting
stringent requirements on the specifications while not
asking the producer for granted performances.

Figure 1: Layout of the ESS superconducting linac. INFN LASA is responsible for the medium beta section.
___________________________________________
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STATUS OF THE PIP-II ACTIVITIES AT INFN-LASA
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Abstract
INFN-LASA joined the international effort for the PIPII project in Fermilab and it is expected to build the
650 MHz superconducting cavities required by the lowbeta section of the 800 MeV front-end proton linac, as recently signed by US DOE and Italian MIUR.
After developing the electro-magnetic and mechanical
design, INFN-Milano started the prototyping phase by producing five single-cells and two complete 5-cells cavities.
In a joint effort with Fermilab the road for the optimal surface treatment for such low-beta resonators has started in
order to approach the existing state-of-the-art performances of beta 1 cavities.
This paper reports the status of PIP-II activities at
INFN-LASA, summarizing manufacturing experience and
preliminary experimental results.

INTRODUCTION
The Fermilab Proton Improvement Plan II (PIP-II) Linac
[1] is designed to deliver an average H- beam current of 2
mA at a final kinetic energy of 800 MeV, thus doubling the
injection energy into the Booster Ring. The beam will be
then injected into the Main Injector Ring to finally serve
the Fermilab’s flagship LBNF/DUNE neutrino program.
The PIP-II linac features a flexible time structure for its
0.55 ms beam pulse in order to satisfy different experimental needs, with RF spanning from 20 Hz pulsed to continuous-wave (CW).
One key section of the linac is the second-to-last
650 MHz superconducting part with geometric beta factor
of 0.61 that currently encloses 33 five-cell elliptical cavities, accelerating beam from 185 MeV to 500 MeV (named
as low-beta section or LB). Target cavity accelerating gradient is set at 16.9 MV/m with a quality factor of 2.15 1010.
INFN-LASA initially provided a novel design for the
LB650 cavities [2], fully plug compatible with the technical interfaces posed by Fermilab: beam pipes, power coupler, helium tank, tuners etc.
On December 4th, 2018, the U.S. Department of Energy
(DOE) and Italy’s Ministry of Education, Universities and
Research (MIUR) signed an agreement [3] to collaborate
on the development and production of technical components for PIP-II.

___________________________________________

Following this milestone, INFN-LASA is expected to inkind contribute to the PIP-II linac with the complete set of
superconducting cavities of the low-beta section, delivered
as fully jacketed and qualified, ready for the stage of string
assembly.

INFN CAVITY DESIGN
EM Cavity Design
Seeking for a high energetic efficiency, as expressed by
the R/Q ratio, is always crucial in view of a CW operational
mode. A high R/Q principally requires small iris aperture
and small wall-angle; this may lead to difficulties in field
flatness tuning, cleaning and cavity surface treatment.
Therefore, INFN RF cavity design has been primarily
driven by the pursue of the optimal trade-off on a wider
range: balancing shunt resistance, electromagnetic performances and formability/tunability of the final resonator according to INFN experience in the field.
Rationales for the key design features of the INFN
LB650 cavity can be then outlined as follows:
 Cell coupling kcc driven by the optimization, assuming TESLA-type cavity as a reference, of the quantity
N2/(βkcc) [4]. N being the number of cells and β the
relative velocity.
 End Cell frequency tuning achieved by increasing the
diameter of the whole terminal cell thus preserving its
round shape and symmetry (as done for the SNS cavities).
 Maximize G factor while preserving sidewall angle at
2° avoiding potentially negative value during the cavity field flatness tuning stage.
 Achieve a large frequency separation between π and
4/5 π modes.
Table 1 finally resumes main RF parameters for the resulting cavity design.
To complete the electromagnetic design, the HOM spectra and sensitivity to geometry as well as the multipacting
have been addressed in detailed simulations [2].

Mechanical Cavity Design
The relatively small beam current of PIP-II results in an
external Q of the cavity as high as 107 that in turns implies
a narrow bandwidth of the accelerating mode. In order to
have a stable beam acceleration, an extremely strict control
of the Lorentz Force Detuning (LFD, or pulsed RF) and
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XFEL OPERATIONAL FLEXIBILITY DUE TO THE DECHIRPER
SYSTEM
A.A. Lutman∗ , K. Bane, Y. Ding, C. Emma, M.W. Guetg, Z. Guo, E. Hemsing, Z. Huang,
J. Krzywinski, J.P. MacArthur, G. Marcus, A. Marinelli, T.J. Maxwell, A. Novokhatski
SLAC Stanford National Laboratory, Menlo Park, USA
Abstract

Table 1: RadiaBeam/SLAC Dechirper Parameters

The RadiaBeam/SLAC dechirper was installed to demonstrate the concept of using wakeﬁelds from a corrugated
structure to change the energy proﬁle along an electron
bunch. Since installation, the system has allowed a large
number of additional XFEL operating modes including freshslice two-color or three color operation, fresh-slice seeding,
passive streaking, etc. This talk will discuss the results from
using the dechirper system and possible implementation
issues related to the high-rate LCLS-II.

INTRODUCTION
X-ray Free-Electron Lasers (XFEL) are the brightest
sources of x rays for scientiﬁc applications [1]. Several
schemes and insertion devices have been designed and installed to provide x ray pulses with tailored temporal proﬁles,
spectra and polarization, as required from the experimental
needs. For producing narrow bandwidth x-ray pulses a high
brightness electron bunch with a ﬂat temporal energy proﬁle
is required at the undulator entrance. An energy chirp would
increase the produced FEL bandwidth.
A dechirper system [2] was designed [3] to control the
temporal energy proﬁle of the electron bunch. The system
comprises two modules one vertical and one horizontal located upstream of the undulator line entrance. Each module
has two corrugated aluminum plates with parameters speciﬁed in Table 1. The beam passing in the device is subject to
the longitudinal and transverse wakeﬁelds. The longitudinal
wakeﬁelds impress an approximately linear time-dependent
energy chirp on the electorn bunch, useful to remove the
existing energy chirp, from this the name of dechirper. As
typically unwanted eﬀect, longitudinal wakeﬁelds increase
also the uncorrelated energy spread of the beam, aﬀecting in
a stronger way the bunch slices toward the bunch tail. The
transverse wakeﬁeld impress a time-dependent kick on the
electron bunch, approximately parabolic in shape, kicking
the electrons toward the metal jaw when the bunch travels
oﬀ-axis. Transverse wakeﬁeld also defocus the beam in the
direction of the transverse kick. While initially designed to
control the bunch energy chirp, the dechirper proved a very
versatile device, enabling the Fresh-slice technique [4] with
impact on several FEL schemes.

ENERGY CHIRP CONTROL
To control the electron bunch energy chirp the dechirper
gap is closed and the electron bunch travels on the axis
∗
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Parameter
Half gap
Corrugation period
Corrugation depth
Corrugation Longitudinal gap
Corrugation plate width
Structure length

Value

Units

0.5 − 12.5
0.5
0.5
0.25
12
2

mm
mm
mm
mm
mm
m

structure. The passive device can only cause the bunch tail
to lose energy, therefore it is eﬀective to remove the electron
bunch chirp only when the bunch head is at lower energy than
the bunch tail. Alignment procedures have been devised to
align the dechirper jaws so that the beam travels on the axis of
the device. A ﬁrst alignment technique sets a ﬁxed dechirper
gap and then scans the dechirper oﬀset recording the electron
bunch trajectory on the ﬁrst downstream Beam Position
Monitor (BPM) [5]. The central position is calculated by
ﬁtting the experimental data. This technique does not take
advantage of the possibility of tilting each dechirper jaw,
which stays uncorrected, and also the retrieved center is far
from the measurements with large transverse displacement.
Another study [6] showed that oﬀset scans with parallel
plates can hardly distinguish between a tilt of a corrugated
plate or a diﬀerent structure oﬀset, and that scanning the jaw
tilt in a single-jaw measurement is a more reliable way of
measuring the bunch distance from the beam and to remove
the jaw tilt. In practice due to the limited amount of time
available for setup, rather than performing full scans, the
device is typically aligned by turning oﬀ the transverse orbit
feedbacks downstream of the device, closing the dechirper
gap and then adjusting each plate individually, both in oﬀset
and tilt, so that the beam stays on-axis on the accurate RadioFrequency (RF) BPM of the undulator line.
At the LCLS, operating in under-compression mode, the
electron bunch presents typically a small energy chirp, with
the head at higher energy. Therefore the dechirper device
increases the energy chirp and therefore the FEL bandwidth.
Measurements of the FEL bandwidth for diﬀerent gaps have
been previously reported [7] and demonstrate the possibility
of increasing the FEL bandwidth, or to minimize it, in the
less common LCLS case of an electron bunch with the head
at lower energy than the bunch tail.
When operating the dechirper to control the energy chirp,
the time-dependent defocusing eﬀect can prevent the bunch
tail and core from lasing. Defocusing can be canceled by
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HIGH PERFORMANCE ECR SOURCES FOR NEXT-GENERATION
NUCLEAR SCIENCE FACILITIES
D. Leitner∗
Lawrence Berkeley National Laboratory, Berkeley, California USA

Abstract

Modern nuclear science ion accelerators require intense
high charge state, heavy-ion beams. Electron Cyclotron
Resonance (ECR) ion sources are the primary tool for generating such beams. Advances in magnet technology and an
improved understanding of ECR ion source plasma physics
have led to significant improvements in ECR source performance over the last several decades. The current state of
the art is represented by third-generation sources operating
at frequencies around 28 GHz and peak coil fields of about
7 T using NbTi conductors. Fourth-generation ECR ion
source magnets designed to support ECR ion sources with
an operating frequency above 40 GHz are currently under
development. This paper will give an overview of the worldwide efforts underway to develop high-performance ECR
sources for next-generation heavy ion accelerator facilities.

ECR ION SOURCE DESIGN
PARAMETERS

Since the 1980s, Electron Cyclotron Resonance Ion
Sources (ECRIS) have been crucial components of heavy ion
science facilities [1] . The unsurpassed versatility, stability
and high intensity of continuous wave (CW) high charge
state ions delivered by these sources make them ideal injectors for these facilities. ECR ion sources use magnetic
confinement and electron cyclotron resonance heating to
produce a plasma consisting of energetic electrons (up to
hundreds of keV) and relatively cold ions (a few eV). The
magnetic confinement is typically achieved by a combination
of a solenoidal mirror field and a sextupole field (a classical
configuration is shown in Fig. 1) that creates a minimum B
confinement structure where the field grows from the center
of the source in every direction (longitudinally and radially).
Within this confinement field a closed magnetic surface exists where the resonance cyclotron frequency of the electrons
moving back and forth within the magnetic bottle equals the
microwave heating frequency — allowing efficient transfer
of energy from the electromagnetic field to the electrons:
ωe =

e · BECR
= ωRF
m

(1)

where m and e are the electron mass and charge, BECR
is electron cyclotron resonance field, ωe and ωrf are the
electron cyclotron resonance and the microwave frequencies.
High charge state ions are primarily produced by sequential impact ionization, which means that the ions must remain
∗
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Figure 1: VENUS: Sextupole-in-Solenoid Geometry. The
sextupole-in-solenoid VENUS geometry leverages proximity of the sextupole to the plasma chamber, minimizing peak
fields in that coil. [2]
in the plasma long enough (tens of ms) to reach high charge
states. Therefore, one of the main parameters determining
the performance of an ECR ion source is the product of the
plasma density and ion confinement time: (ne · τi ). Together
with the neutral gas density in the plasma this product determines both the peak of the charge state distribution and
the highest charge state that can be produced in the plasma.
However, there are many design trade-offs between maximizing density or ion confinement time in the ECR design
and this paper will touch briefly on those. In general, ECR
development has followed the semi-empirical scaling laws
first proposed by Geller [1], which state that the plasma density scales with the square of the frequency ne ∝ ωrf2 . As the
frequency increases, the magnetic fields have to be scaled
accordingly to fulfill the resonant heating condition for the
plasma electrons. As a consequence the plasma confinement
time (τi ) in the trap improves since it is proportional to the average field strength and the axial and radial magnetic mirror
ratios Binj /Bmin , Bext /Bmin , and Brad /Bmin of the magnetic
trap [1].

ECR Ion Source Design Guidelines
Following these fundamental principles, ECRIS designs
are aiming for both the highest confinement fields and highest heating frequencies. Compiling results from the best
performing ECRIS devices, guidelines for the design of an
optimized magnetic confinement field configuration were
established that can be scaled to any selected heating frequency Frf of the new ion source [3]. Conveniently for
a frequency of 28 GHz the BECR is 1 T, and can be easily
scaled from that number to other frequencies Eq. (2).
BECR (T) =

Frf (GHz)
·T
28(GHz)

(2)

The established field ratios are listed below with Binj , Bext ,
Bmin , the magnetic mirror maximum and minimum fields,
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AMPLIFIED EMISSION OF A SOFT-X RAY FREE-ELECTRON LASER
BASED ON ECHO-ENABLED HARMONIC GENERATION
E. Allaria1,*, G. De Ninno1,2, G. Penco1, M. Trovo1, S. Spampinati1, S. Di Mitri1, C. Spezzani1, B.
Diviacco1, L. Badano1, N. Mirian1, W. Fawley1, D. Garzella1,3, E. Roussel4, M. Pop5, E. Ferrari6, E.
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Abstract

Table 1: E-beam Parameters Used for EEHG at 7.3 nm

We report the first evidence of substantial gain in a
soft-X ray Free Electron Laser (FEL) based on EchoEnabled Harmonic Generation (EEHG). The experiment
was focused on harmonics 36 (~7.3nm) and 45 (5.8 nm)
and clearly demonstrated the expected EEHG capability
of generating powerful and coherent FEL pulses, with
strongly reduced sensitivity to electron-beam fluctuations.
The experiment was carried out at FERMI, the seeded
FEL user facility at Elettra-Sincrotrone Trieste.

INTRODUCTION

Echo Enabled Harmonic Generation (EEHG) [1] has
been proposed as a suitable method to extend seeded FEL
operation with a single stage down to the soft-X-ray spectral range. Past experiments have shown that the EEHG
scheme can sustain coherent bunching up to harmonics as
high as 75 [2]. Up to now, experiments have been limited
to infrared seed lasers and short radiator undulators.
Hence the demonstration of the FEL amplification of
EEHG bunching at short wavelength has not been demonstrated yet.
At FERMI [3], a detailed characterization of the EEHG
process at short wavelengths has recently been reported
[4] using a modified FEL-2 layout [5].

LAYOUT

Figure 1: Modified layout of the FERMI FEL used for the
EEHG experiment.
The EEHG experiment is performed on the modified
FEL-2 line (Fig.1). Operations of the FEL at 7.3 nm are
based on electron beam parameters as reported in Table 1.
____________________________________________
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Parameter
Energy
Peak current
Normalized
emittance
Beam size (rms)
Energy spread

Value
1.35
700
1

Units
GeV
A
mm mrad

100
150

m
keV

Both seed laser pulses are obtained from the third harmonic of a Ti:Saphire laser and are optimized to maximize the FEL signal at harmonic 36 (7.3 nm). The main
laser parameters are reported in Table 2.
Table 2: Seed Laser Parameters Used for EEHG at 7.3 nm
Parameter
 seed1,2
 seed1
 seed2
Pulse length
seed1 (FWHM)
Pulse length
seed2 (FWHM)
Energy seed1,2
Spot size seed1
Spot size seed2

Value
264
0.9
1.1
110

Units
nm
nm
nm
fs

90

fs

0-30
350
200

J
m
m

The first dispersive section is set to the maximum
available for this electron beam energy (R561=2.1 mm)
and the second dispersive section is used as an optimization parameter. Depending on the laser parameters, it is
possible to optimize the FEL at different values of the
EEHG n parameter [6]. Few scans of the second dispersive section in case of different parameters optimized for
n=-1, -2 and -3 are reported in Figure 2.
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MAGNETRON R&D FOR HIGH EFFICIENCY CW RF SOURCES OF
PARTICLE ACCELERATORS*
H. Wang#, R. A. Rimmer, R. Nelson, Jefferson Lab, Newport News, VA 23606, USA
M. Neubauer, A. Dudas, Muons, Inc., Batavia, IL 60510, USA
B. R. Coriton, C. P. Moeller, General Atomics, San Diego, CA 92121, USA
Abstract
A proof of principle experiment carried out at JLab’s
magnetron R&D test stand has demonstrated a -25dB injection signal to phase lock a 2.45 GHz 1.2 kW CW magnetron within 2.1 Hz of root mean square deviation
(RMSD) value with the optimization of magnetic field
trimming of ±25% in order to overcome the frequency
pushing of more than 4 MHz in the RF power output range
of 45-100%. In addition, a test stand for a newly built 1497
MHz, 13 kW, CW magnetron prototype is ready for the
high power injection test with outcome aimed for the CEBAF klystron replacement. Based on these R&D results, a
915 MHz, 275 kW CW commercial heating type magnetron system is being developed as high efficiency (>80%)
RF source to drive an electron linac for industrial applications.

INTRODUCTION
Magnetrons typically have a higher electronic efficiency
than conventional klystrons and solid state amplifiers. We
have compared the efficiencies from available commercial
tubes [1] and developed an R&D program to study critical
techniques for 915 MHz, 1497 MHz and 2450 MHz magnetron application with aim of driving superconducting and
normal conducting accelerators for scientific and industrial
uses at lower cost (<$1/W) and higher efficiency (>80%).
Since the first demonstration of injection phase locking
to drive a superconducting cavity [2, 3], we have concentrated on a scheme of amplitude modulation to compensate
for the cavity’s microphonics, frequency change, variations of cavity voltage and beam current loading. To be
able to do a fast and efficient modulation and to compensate for the frequency pushing effect due to the anode current change, the magnetron’s magnetic field can be
trimmed by an external coil [4]. The first open loop manual
modulation to trim coils by DC voltage was carried out for
the proof of principle experiment into a matched load. A
closed loop experiment to stabilize an RF cavity’s voltage
will be done next. The rate at which the field can be modulated is limited by the self-inductance of the coils and the
magnetic circuit of the tube as well as eddy current in the
tube body. To address this, a low eddy current, low external
Q 1497 MHz, 13kW CW magnetron has been designed and
prototyped [5, 6]. Meanwhile, we have procured an
AMTek Microwave 915 MHz, 75 kW, CW industrial oven
type magnetron transmitter for the injection and power

combining R&D. Tests to compare phase locking and
power combining performance with use of silicon-controlled rectifiers, switching and klystron power supplies
will be carried out. The first application would be demonstration of a system capable of driving a 1MV, electron
linac for environmental remediation and material treatment, scalable up to 1 MW.

UPDATES ON 2.45 GHz MAGNETRON
R&D TESTS
Injection phase locking of the magnetron output has
again been demonstrated into WR340 to a coaxial matched
load and a normal conducting (NC) RF cavity. The back
injection signal of a few Watts is supplied through two
WR340 circulators having more than 55 dB total isolation
from forward to reflected power. The test stand configuration for this test is shown in Fig. 1. The WR340 waveguide
phase shifter and stub tuner used previously have been removed to minimize frequency pulling by output reactance
and maximize it by back injection. After a demonstration
of injection phase lock to the cavity frequency at a fixed
wall loss of 633 W and with signal to noise ratio of 39.3 dB
at 262 Hz sidebands, we changed back to the broadband
load for the amplitude modulation test with trim-coils. It
was determined that filament off condition can maintain
the output power with reduced efficiency by ~5% as indicated by Fig. 2. The electron emission is sustained by spent
energy electrons returning to the cathode, with injection on,
the S/N ratio is much improved due to reduction in thermal
noise from the filament. The injection lock did not reduce
the electronic efficiency any further. In order to accommodate the addition of trim-coils, a small amount of material
was machined off yoke frame to make room for the coil
pancakes and this changed the I-V and I-P characteristics
as shown in Fig. 3.

___________________________________________
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Figure 1: Schematic of 2.45 GHz, 1.2 kW CW cooker type
magnetron R&D set up for an RF cavity/matched load test.
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ACCELERATOR VACCUUM WINDOWS: A REVIEW OF PAST
RESEARCH AND A STRATEGY FOR THE DEVELOPMENT OF A NEW
DESIGN FOR IMPROVED SAFETY AND LONGEVITY FOR PARTICLE
ACCELERATORS
C.R. Ader*, M. Alvarez, J.S. Batko, R. Campos, M.W. McGee, and A. Watts
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
Abstract
Vacuum window research continues at Fermilab and
this paper will examine cost effective, consistent designs
which can have a significant impact on accelerator
laboratories in terms of safety and cost.
Issues such as the design, materials, analysis, testing
and fabrication are addressed, including beam scattering
and materials cost-benefit analysis and examining
potential material substitutes for beryllium. A previous
research paper [1] has examined current fabrication and
design techniques and also failure modes at Fermi, and
this paper focuses on emerging and novel technologies for
vacuum window fabrication.
Many different paths have been taken by High Energy
Physics (HEP) Laboratories throughout the world with
varying success.
The history of vacuum window
development is extensive and not well defined, and a
matrix of the research already completed on materials and
joint design for vacuum windows will be shown.
This report finally includes a treatise for vacuum
window technology and a view towards emerging designs
and materials and discusses future advances of research
such as fabrication techniques including additive
manufacturing and ultrasonic welding. Further
exploration into these would prove beneficial to
developing vacuum windows that are safer and stronger
while being more transparent to the beam.

used designs and do not explore other safer or costeffective designs or materials.
Thin vacuum windows have been used in Fermilab's
accelerators since its initial commissioning and have
typically been overlooked in terms of their criticality and
fragility. Vacuum windows allow beam to pass through
while creating a boundary between vacuum and air or
high vacuum and low vacuum areas. A vacuum window is
any thin material that isolates volumes of beam tube.
Vacuum window assemblies must provide reliable
mechanical performance to handle both a static
differential pressure and occasional pressure cycling when
the vacuum system is vented for maintenance. However,
the window must be thin enough to minimize beam
scattering and material irradiation. Figure 1 illustrates an
example of how window material can have a dramatic
effect on beam scattering. The beam emittance, which is a
typical figure-of-merit describing the beam size and
angular spread, depends strongly on both the window
thickness and material. Therefore, effective window
design is a compromise between mechanical reliability,
cost, and experiment beam requirements.

INTRODUCTION
There are approximately 83 vacuum windows in
operation at Fermi National Accelerator Laboratory, five
of which are made of beryllium. Beryllium is typically
used in Target halls because of its thermal properties and
very low Z-properties. However, if a beryllium window
fails, it contaminates the beamline, and potentially the
entire beam enclosure because it is toxic [2]. A window
that would be designed to replace beryllium would not
contaminate a beamline if it does fail.
Vacuum windows are a critical part of the beamline but
are also the most fragile component of a vacuum system.
They are typically installed upstream of a target, abort
dump, or beam stop.They are also used to separate
vacuum sectors, or two are installed in a beamline with a
gap where instrumentation can be installed.
Research and development on vacuum windows is not
typically done and there is not a consistent standardized
design for windows. Engineers typically select previously
___________________________________________
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Figure 1: Beam emittance increases as a function of
vacuum window thickness (in thousandths of an inch) for
different common materials.

WINDOW DESIGN
A critical aspect of material selection of vacuum
windows is examining the costs and benefits of using
different materials. The costs of fabricating and operating
a new beryllium design is up to $92K and most of the cost
is the engineering analysis time, about $36K, while about
$20K is clean-up costs.
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IS IT POSSIBLE TO USE ADDITIVE MANUFACTURING FOR
ACCELERATOR UHV BEAM PIPES? *
S. Jenzer, M. Alves, S. Bilgen, J. Bonis, S. Djelali, A. Gonnin, M. Guerrier,
D. Grasset, F. Letellier-Cohen, B. Mercier, E. Mistretta, G. Sattonnay† LAL, Univ. Paris Sud,
CNRS/IN2P3, Orsay, France
F. Brisset, ICMMO, Univ. Paris Sud, CNRS, Orsay, France

Abstract
Additive Manufacturing (AM) enables 3D metallic objects to be built by adding layer-upon-layer of material.
This technology can be applied to produce Ultra High Vacuum components for particle accelerators. We investigated
in this work the reproducibility of AM 316L stainless steel
properties for different specimens supplied by several manufacturers with the same process. Microstructure and mechanical properties of AM samples depends on manufacturers: indeed, they are largely influenced by processing
parameters, which produces heterogeneous and anisotropic
microstructures that differ from traditional wrought counterparts. The outgassing rates of vacuum AM 316L tubes
were determined and the secondary electron yield was also
measured. Results are very promising to consider the use
of AM to construct accelerator beam pipe components.

INTRODUCTION

Recently, additive manufacturing (AM) has revolutionized mechanical engineering by allowing the quick production of mechanical components with complex shapes. AM
by selective laser melting (SLM) is an advanced manufacturing process which uses lasers to melt metal powders one
layer at a time to produce final 3D components. This technology could be also used to make Ultra High Vacuum
(UHV) components. Nevertheless, the microstructures and
therefore the mechanical properties of AM components are
largely influenced by processing parameters, including laser power, scanning speed and powder granulometry. AM
components are subjected to a complex thermal history as
the material first undergoes a rapid solidification, and then
is heated and cooled with each additional layer. These complex thermal cycles can create heterogeneous and anisotropic microstructures that differ from traditional wrought
counterparts. To be used in accelerator beam pipes, UHV
compatibility of AM components must be tested. Moreover, due to dynamic pressure effects occurring when a particle beam circulates in an accelerator, fundamental factors
involved in the electron cloud phenomenon, such as the
secondary electron yield (SEY) of the material surface,
must be measured.
Therefore, we investigated in this work the reproducibility of AM 316L stainless steel properties for different specimens supplied by several manufacturers with the same
SLM process. Outgassing rates of unbaked and baked vacuum tubes were measured and the SEY was determined for
___________________________________________
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unbaked samples but with a different surface roughness. In
all cases, results were compared to those obtained with a
conventional 316L stainless steel.

MICROSTRUCTURAL AND MECHANICAL CHARACTERISATION
The SLM 3D additive manufacturing method is likely to
introduce strong microstructure anisotropies inducing anisotropy of mechanical properties. It is therefore essential to
characterize samples from different manufacturers in order
to highlight these anisotropies according to the provenance
of the manufactured specimens. For this, several complementary analysis techniques -Scanning electron microscopy coupled with Electron BackScatter Diffraction (SEM
/ EBSD), X-ray Diffraction (XRD), confocal microscopyhave been implemented in order to show the relationship
between the microstructure and the mechanical properties.
The sides of the samples, that have been characterized, are
surfaces parallel to the build plate of the AM machine or
perpendicular to the plate. These samples were made on the
same build plates as the tensile test pieces (Fig. 1).

Figure 1: Example of additive manufacturing build plate.
An important result is that the microstructure (grain size,
texture) of the samples depends on the manufacturer
(Fig. 2).

Figure 2: Average grain size for samples produced by different manufacturers and for two different orientations:
parallel or perpendicular to the build plate.
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STATUS OF CIRCULAR ELECTRON-POSITRON COLLIDER AND
SUPER PROTON-PROTON COLLIDER
C. H. Yu†, 1, Y. Zhang1, Y. W. Wang, D. Wang, N. Wang, S. Bai, X. H. Cui, C. Meng, Y. S. Zhu, H. P. Geng,
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Abstract

Circular electron-positron collider (CEPC) is a dedicated project proposed by China to research the Higgs
boson. The collider ring provides e+ e- collision at two interaction points (IP). The luminosity for the Higgs mode at
the beam energy of 120GeV is 31034 cm-2s-1 at each IP
while the synchrotron radiation (SR) power per beam is
30MW. Furthermore, CEPC is compatible with W and Z
experiments, for which the beam energies are 80 GeV and
45.5 GeV respectively. The luminosity at the Z mode is
higher than 1.71035 cm-2s-1 per IP. Top-up operation is
available during the data taking of high energy physics. Super Proton-Proton Collider (SPPC) is envisioned to be an
extremely powerful machine, with centre mass energy of
75 TeV, a nominal luminosity of 1.01035 cm-2s-1 per IP,
and an integrated luminosity of 30 ab-1 assuming 2 interaction points and ten years of running. The status of CEPC
and SPPC will be introduced in detail in this paper.

bypass region. The design of CEPC can keep fixed during
the modification of SPPC. The booster ring of CEPC
shown in Fig. 1 is located above collider ring with the distance of 2.4 m. The distance is sufficient to avoid the magnetic interference between the collider ring and the booster
ring.

MACHINE LAYOUT

CEPC [1] which aims at researching Higgs boson is a
double ring scheme optimized at the beam energy of 120
GeV. SPPC will be the next project after the operation of
CEPC in the future. The circumference of CEPC is 100km
while matching the geometry of SPPC as much as possible.
The circumference is determined by the requirements of
SPPC so that the SPPC bending magnets can be designed
and manufactured. The arc regions of the SPPC collider
ring, the CEPC collider ring and the CEPC booster ring are
in the same tunnel. The cross section of the tunnel in the
arc region is shown in Fig. 1.
The interaction region of SPPC is located in the same
long straight sections where the CEPC RF cavities are
placed. The collimation region of SPPC with length of
about 4km is located in the interaction region of CEPC.
Due to the special collision orbit at the IP and the very large
size of detector, bypass geometry or independent tunnel for
SPPC and CEPC in the two regions is needed. The layout
design of CEPC in the RF region and interaction region
follows the space constraints. However, it still will be potential space conflict in the two regions during the geometry optimization of SPPC in the future. Since the operation
of CEPC will be much earlier than SPPC. So SPPC and
CEPC are arranged in the outside and inside respectively.
SPPC team can optimize SPPC geometry with relatively
lower magnetic field of bending magnet especially in the
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Figure 1: The cross section of the tunnel in the arc region.

Figure 2: The layout of CEPC.
The layout of CEPC including Linac, transfer lines,
booster ring and collider ring is shown in Fig. 2. The Linac
is located at ground level with length of 1200 m. The
Booster is underground at a depth of approximately 100 m.
The Linac and Booster are connected by two transfer lines
for e+ and e respectively. These lines have a slope of 1:10.
There are 8 straight sections in the collider ring. They are
2 interaction regions, 2 RF regions and 4 injection regions.
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Abstract
A reliable impedance model of a particle accelerator can
be built by combining the beam coupling impedances of all
the components. This is a necessary step to be able to evaluate the machine performance limitations, identify the
main contributors in case an impedance reduction is required, and study the interaction with other mechanisms
such as optics nonlinearities, transverse damper, noise,
space charge, electron cloud, beam-beam (in a collider).
The main phases to create a realistic impedance model, and
verify it experimentally, will be reviewed, highlighting the
main challenges. Some examples will be presented revealing the levels of precision of machine impedance models
that have been achieved.

offset is assumed to be conserved during their passage (see
the example of a source bunch passing through a cavity
with a vertical offset ys and a test charge following at a distance s in Fig. 1). The integrated kick to the test charge in
the longitudinal and transverse planes due to the example
cavity depends on the longitudinal distance s between the
source and test charge, but also on the respective transverse
positions of the source and test charges (resp. ys and 0 in
this case).

BEAM COUPLING IMPEDANCE?
Whether it is in colliders or in light sources, pushing the
performance of modern particle accelerators involves generating brighter particle beams. Above a certain threshold
that depends on the machine parameters, collective effects
significantly affect beam dynamics and can lead to severe
issues ranging from unwanted beam losses, heat load and
outgassing to equipment damage. The beam coupling impedance (also referred to as impedance in the following
paragraphs) is a category of these collective effects. It originates from the interaction of the electromagnetic (EM)
fields generated by the beam of charged particles with its
surroundings [1]. This interaction results in EM wake
fields, which perturb trailing particles and can drive coherent beam instabilities that impose a severe limitation to increasing the beam brightness [2]. From a concept conceived 50 years ago [3], the mathematical definitions of the
impedance as a function of frequency, and its Fourier transform (the wake function of a point charge as a function of
the test particle distance) are provided in [1, 2].

The Lumped Impedance Assumption
One important assumption in the theory of impedance
and wake fields is that the interactions of the beam EM
fields within a finite-length accelerator element can be
lumped into a single set of 3 wake functions Wx(s), Wy(s)
and Wlong(s) that give kicks to trailing particles at a distance
s following a source charge both along the direction of the
particle motion (accelerating/decelerating kicks in the longitudinal plane z) and transversely (focusing/defocusing
kicks in the horizontal and vertical planes x and y). In the
frame of this assumption, the longitudinal distance between the source and test charges as well as their transverse
___________________________________________

Figure 1: Snapshots at 3 successive times of the simulated
vertical electric field with CST [4] of a source bunch travelling along the blue line, which is offset by ys with respect
to the centre of the cavity (orange line). The test charge
(white dot) travels along the orange line at a distance s behind the source bunch.
Therefore the resulting horizontal wake function writes
Wx (s,xs ,xt ,ys,yt) as a function of the transverse coordinates
of the source (xs ,ys) and test charges (xt ,yt), or Zx(f, xs ,xt
,ys,yt) in frequency domain, with similar dependences for
vertical and longitudinal planes [5]. In principle, one
should compute these impedances in all realistic combinations of source and test charges coordinates to estimate the
impact on beam dynamics, but fortunately our current understanding of beam dynamics allows us to focus on a limited set of contributions.
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STATUS OF EARLY SUPERKEKB PHASE-3 COMMISSIONING
A. Morita∗ for SuperKEKB commissioning group
KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
Abstract
SuperKEKB is an asymmetric energy electron-positron
collider for the Belle 2 experiment designed by using the
novel “nano-beam” collision scheme. The phase-2 commissioning without the vertex detector to conﬁrm the “nanobeam” collision had been successfully completed in 2018.
After the vertex detector installation, the phase-3 commissioning for the full-scale collider experiment has been started
at 11 March 2019. We report the recent progress and performance of 2019 spring operation of SuperKEKB phase-3
commissioning.

INTRODUCTION
The SuperKEKB accelerator [1] is an asymmetric-energy
double-ring collider constructed by 7 GeV electron high energy ring(HER) and 4 GeV positron log energy ring(LER).
2
Its design luminosity is 8 × 1035 cm s−1 which is 40 times
the performance of the previous KEKB B-factory accelerator. For achieving such high luminosity, the SuperKEKB is
designed by using the “nano-beam’ collision scheme, which
is based on a large Piwinski angle collision scheme proposed
by P. Raimondi [2]. In the “nano-beam” scheme, the hourglass eﬀect by squeezing the vertical beta-function at the
interaction point(IP) βy∗ is controlled by reducing the longitudinal overlap of the colliding beams. This overlap reduction
is achieved by using the combination of the large crossing
angle and the small horizontal beam size at the IP. The SuperKEKB machine parameter [3] is designed to achieve 40
times luminosity compared with the KEKB by doubling the
stored beam current and squeezing βy∗ down to 1/20 of the
KEKB. Considering the hourglass eﬀect, the beam crossing
angle between two rings and the horizontal beam size at the
IP are designed for equalizing the longitudinal beam overlap
at the IP with βy∗ .
The SuperKEKB commissioning is divided into 3 stages;
phase-1, phase-2 and phase-3. The phase-1 commissioning
stage [4] without the ﬁnal focus system at the IP is performed
from February 1, 2016 to June 28, 2016 in order to establish
the low emittance operation and the vacuum scrubbing. The
phase-2 commissioning stage [5] after the installation of the
ﬁnal focus system and the Belle 2 detector except the vertex
detector is performed from March 16 1, 2018 to July 17,
2018 in order to conﬁrm the “nano-beam” collision scheme.
During the phase-2 commissioning, the speciﬁc luminosity improvement by squeezing βy∗ down to 3 mm ,which is
almost half of the bunch length, is conﬁrmed. After the
phase-2 commissioning, the interaction region(IR) has been
overhauled in order to install the vertex detector into the IP.
∗
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The phase-3 commissioning stage from March 11, 2019
mainly focuses on the full-scale collider experiments. The
2019 spring operation of the phase-3 commissioning until
July 1, 2019 which is the ﬁrst part of the following phase-3
commissioning has two big purposes. One is the reestablishment of the luminosity performance achieved in the phase-2
commissioning on the reassembled IR and further luminosity improvements. The other is the detector background
study to improve the maximum acceptable beam current for
the collider experiment data taking and tests the continuous
injection scheme, which injects the beam during the detector
data taking, to improve the integral luminosity performance.

MAJOR HARDWARE UPDATES
BETWEEN PHASE-2 AND PHASE-3
Between the phase-2 and phase-3 commissioning, the
following three major hardware updates for the beam commissioning were carried out.

Vertex Detector Installation
In order to install the vertex detectors containing the silicon vertex detectors and the pixel detectors into the IP, the
accelerator devices in the IR have been disassembled and reassembled. After the superconducting ﬁnal focus quadrupole
magnets (QCSs) cryostat insertion into the Belle 2 detector,
the signal cable disconnections have been found in the Lside four electrode beam position monitors(BPMs) of the
ﬁnal vertical focusing quadrupole magnets. These cables
were damaged by the QCS cryostat insertion process, because these cable connections had been conﬁrmed before
the cryostat insertion. The aﬀected BPMs are QC1LE for
HER and QC1LP for LER, respectively. The orbit measurement accuracy of these BPMs is degraded, however, the
orbit measurement is possible because three signal cables
are still available against four electrodes. In order to recover
the BPM cable connections, we have to detach the QCS
cryostat from the Belle 2 detector and it needs many works.
For avoiding schedule delay and further trouble during reassembling process, we decided to give up the BPM cable
connection recovery before this spring operation. As the
result of this decision, the BPM calibration by using the
BPM gain mapping for the QC1LE and QC1LP has become
unavailable.

Movable Beam Collimator Updates
From the phase-2 commissioning, it is turned out that the
beam collimator especially vertical collimator is important
to protect the ﬁnal focus quadrupole superconducting magnets from the superconducting quench induced by the beam
loss. During the phase-2 commissioning, the vertical beam
collimator heads of D01V1 collimator for HER and D02V1
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Abstract

INTRODUCTION

From the first Pb-Pb collision run in late 2010, the LHC
heavy-ion programme has evolved to include p-Pb runs and
a short Xe-Xe run in 2017. Each run has been unique
in terms of beam energy, colliding species, bunch filling
schemes, beam optics and other collision conditions [1].
The 3rd Pb-Pb run in 2015 [2] saw the design luminosity,
L = 1×1027 cm−2 s−1 , exceeded by a factor 3.6 at a new beam
energy of 6.37 Z TeV, thanks to the high beam intensities
delivered by the heavy-ion injector chain [3–5] and measures
implemented to mitigate performance limits, mainly related
to beam losses, in the LHC [6]. LHCb took its first Pb-Pb
collisions at a lower luminosity.
The principal goals of the 4th Pb-Pb run in late 2018 were
to complete the delivery of 1 nb−1 of luminosity to the ALICE, ATLAS and CMS experiments, substantially increase
the luminosity for LHCb, and demonstrate the peak luminosity L > 6.5 × 1027 cm−2 s−1 specified for future runs [1, 7, 8].

NEW OPTICS AND MAGNETIC CYCLE

Since 2010, when they were essentially identical [1, 9],
the p-p and heavy-ion optics cycles used in a given year
have steadily accrued their own specificities, including
∗
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The fourth one-month Pb-Pb collision run brought LHC
Run 2 to an end in December 2018. Following the tendency
to reduce dependence on the configuration of the preceding
proton run, a completely new optics cycle with the strongest
ever focussing at the ALICE and LHCb experiments was designed and rapidly implemented, demonstrating the maturity
of the collider’s operating modes. Beam-loss monitor thresholds were carefully adjusted to provide optimal protection
from the multiple loss mechanisms in heavy-ion operation.
A switch from a basic bunch-spacing of 100 ns to 75 ns was
made as the beam became available from the injector chain.
A new record luminosity, 6 times the original design and
close to the operating value proposed for HL-LHC, provided
validation of the strategy for mitigating quenches due to
bound-free pair production (BFPP) at the interaction points
of the ATLAS and CMS experiments. Most of the beam
parameters of the HL-LHC Pb-Pb upgrade were attained
during this run and the integrated luminosity goals for the
first 10 years of LHC operation were substantially exceeded.
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Figure 1: Timing structure of the CRS (left) and of the small
squeeze segment at top energy (right) in terms of the β∗
values at the experimental IPs. Changes of the multiple
crossing-angle, separation and other orbit bumps are not
indicated. Dots indicated fully matched two-ring optics.
lower β∗ at IP2 for heavy ions. Following the implementation of telescopic (ATS) collision optics for p-p in
2017 [10], the decision was taken, weighing commissioning
time against cycle length, to fully decouple the two cycles,
which now only share the injection conditions. The Pb-Pb
cycle for 2018 aimed for the smallest ever β∗ in ALICE
and LHCb. The combined ramp and squeeze (CRS) [11]
was redesigned, bringing β∗ down to β∗ = (1, 1, 1, 1.5) m
at IP1(ATLAS), IP2(ALICE), IP5(CMS) and IP8(LHCb),
compared to β∗ = (1, 10, 1, 3) m at the end of the p-p ramp.
After the CRS, a short squeeze segment (4.5 min) at constant
energy was enough to establish the target collision configuration β∗ = (0.5, 0.5, 0.5, 1.5) m, keeping LHCb constant,
while reducing β∗ by a further factor of 2 in the other three
experiments. Figure 1 shows the efficient timing of these
two beam processes (CRS and squeeze at collision energy).
The variously horizontal and vertical half-crossing angles in collision were brought to 160 µrad in ATLAS and
CMS, θ b −170 µrad in LHCb, and θ A±137 µrad in ALICE,
where θ A =77 µrad and θ b =−150 µrad are the angles generated by the internal spectrometer compensation bumps
of ALICE and LHCb. The ALICE spectrometer polarity
was reversed half-way through the run, requiring a passage
of the external crossing angle through zero at the end of
the squeeze. To reduce the associated risk, the horizontal
separation was increased from 2 to 3 mm. As in 2015 [2],
the ALICE interaction point was lowered by 2 mm.
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Abstract
The compensation of the long-range beam-beam interactions using DC wires is presently under study as an option
for enhancing the machine performance in the framework of
the High-Luminosity LHC Project (HL-LHC). The original
idea dates back more than 15 years ago. After the installation
of four wire prototypes in the LHC in 2018, a successful
experimental campaign was performed. The experimental
setup and the main results are reported in this paper.

INTRODUCTION

One of the main limiting factors of the performance of
circular hadron colliders is related to the electromagnetic
interaction between the two beams [1]. In the Large Hadron
Collider (LHC), they occur both during the collisions at the
interaction point (IP), head-on beam-beam effect (HO), and
in its proximity, long-range beam-beam effect (LR). The impact of the beam-beam effect was evaluated during the LHC
design phase [2–5], observed during its initial operation [6]
and taken into account for the performance optimization
during the recent LHC run [7, 8].
Due to the specific betatronic phasing of the LRs for a
given interaction region (IR), it was proposed to compensate
their non-linear kicks by using the magnetic field of two DC
wires positioned on each side of the IP [9]. This triggered
several numerical studies and analytical efforts [10–17]. In
complement to the theoretical investigations, the effect of
the wire on the beam was experimentally tested in SPS [18],
RHIC [19] and implemented in operation in DAΦNE [20].
In addition, a rich experimental program was conducted in
TEVATRON to study the LR compensation effect with electron lens devices [21]. Despite the positive and encouraging
results of these experiments, they could not be conclusive
for the beam-beam configuration of the LHC and HL-LHC.
Given all these premises, in the framework of the HL-LHC
studies [22, 23], four prototypes of wire compensators were
designed, embedded in the jaws of tertiary collimators and
installed in LHC during 2017 and 2018 [24]. The hardware
design choices and the experimental program goals were
∗
†
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Figure 1: The location of the four wire prototypes in LHC
during 2018. Not to scale.
discussed in [25,26]. In the following sections we summarize
and comment the hardware setup and the main outcomes of
this experimental campaign. The numerical simulations for
the LHC wire experiments and the study of possible wire
configurations for HL-LHC (round optics) are described
in [27, 28], respectively.

EXPERIMENTAL SETUP
During 2018, four wire prototypes were available for experimental studies in the LHC. They were installed on Beam
2 (B2, Figure 1) in the left and right side of the high luminosity IPs, IP1 (ATLAS) and IP5 (CMS). For convenience
they are labelled L1, R1, L5 and R5, referring to the corresponding IP side (right, R, or left, L) and IP number, 1 or 5.
For round ATS optics, the crossing angle between the two
beams lies in the vertical (horizontal) plane in IP1 (IP5). The
wires were positioned in the same plane as the crossing. This
configuration prevented to test the wire in flat ATS optics
where, due to the present aperture constraints, the crossing
plane is horizontal (vertical) in IP1 (IP5). The prototypes
consist of copper wires embedded in the jaws of tertiary collimators [24]. Each of the two jaws of the collimator houses
a wire. Depending of the cabling configuration one or both
wires can be powered. Each wire can carry up to 350 A
MC1: Circular and Linear Colliders
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MUON G–2: AN INTERPLAY BETWEEN BEAM DYNAMICS AND A
MUON DECAY EXPERIMENT AT THE PRECISION FRONTIER∗
M. J. Syphers†1 , Northern Illinois University, DeKalb, USA
1 also at Fermi National Accelerator Laboratory, Batavia, USA

Abstract

The Muon g–2 Experiment at Fermilab (E989) uses the
high proton ﬂux delivered by the Fermilab accelerator complex and an improved detector apparatus to measure the
anomalous magnetic moment of the muon to unprecedented
precision. In addition to the increased statistics beyond the
most recent measurement, the experiment relies on detailed
understanding of the incoming muon beam properties as
well as the beam dynamics in the experiment’s storage ring
for proper assessments of systematic errors in the data analysis. Modeling and measurements of beam and storage ring
properties, from proton targeting to muon storage, produce
a unique uniﬁcation of particle beam physics with a high
energy physics experiment.

EXPERIMENTAL TECHNIQUE

The Magnetic Moment Anomaly

The magnetic moment of a particle can be written in
terms of its spin as μ = g(e/2m)S and Dirac’s relativistic
theory predicted a value of g = 2 for fermions. However,
measurements have long indicated anomalies in the value
of g, indicated by a = (g − 2)/2, which take on particledependent values. The anomaly for the muon, for example,
has a value of aμ ≈ 0.001166.
The precession of a charged particle in an electromagnetic
ﬁeld is governed by the Thomas-BMT equation [1] , yielding
a spin precession frequency:



γ
e
1 
 β
ω s = − (a + ) B − a
( β · B)
m
γ
γ+1



β × E
1
− a− 2
(1)
c
γ −1

The spin components are those in the frame of the particle
and the ﬁeld components are in the lab frame. The diﬀerence between this precession frequency and the cyclotron
frequency, ωc , will produce conditions to arrive at a value
of the anomaly. In the experiment, vertical focusing is performed using electrostatic quadrupole ﬁelds and with the
central momentum of the beam chosen to be the “magic momentum” (roughly 3.09 GeV/c) where the last term in Eq. 1
is zero, then with an ideal trajectory that is perpendicular
to the magnetic ﬁeld direction we ﬁnd that a = mωa /eB,
ωa ≡ ωs −ωc . The energies and arrival time of the positrons
∗
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coming from the decay of the stored muons are measured by
calorimeters. The direction of motion of the highest energy
positrons will be highly correlated with the spin direction
of the original muon. Thus, the rate at which a detector
station will observe these positrons will "wiggle" with the
muon precession frequency and, with 24 detector stations
about the circumference, hundreds to thousands of decay
positron measurements can be made each ﬁll. The number
of detected positrons will vary with time roughly as
N(t) = N0 e−t/τμ [1 + A cos(ωa t + φ0 )]

(2)

where τμ is the lifetime of the muon in the lab, A is the
amplitude of the “wiggle” and φ0 is an initial phase. A
variety of signal analyses provide determinations of ωa .
The most recent measurement of aμ was provided by
Experiment E821 at Brookhaven National Laboratory [2],
which shows a discrepancy with today’s theoretical estimate
at the ∼ 3.5σ level, providing the impetus to embark on a
new measurement with yet higher precision.

THE FERMILAB EXPERIMENT
As the Tevatron program was nearing its completion, the
antiproton production and storage system infrastructure was
viewed as a possible location for future low energy experiments at Fermilab. By re-purposing one of the triangularshaped antiproton storage rings and associated beam lines, a
scenario was developed for producing beams for a new g–2
experiment at Fermilab (experiment E989) as well as a muonto-electron conversion experiment (E973). Fig. 1 shows the
present “Muon Campus”; the smaller white building in the
center of the photo contains the new Muon g–2 experiment.
Through an accelerator improvement project [3] the Fermilab injector system has been upgraded to be able to generate
pulses of 8 GeV kinetic energy proton beam from the Booster
at a full 15 Hz rate. During a 1.4 s period, 12 15-Hz cycles
are used to ﬁll the Main Injector for neutrino beam operation,

Figure 1: Fermilab Muon Campus providing production and
transport of muons to E989. Photo courtesy of Fermilab.
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T.K. Charles∗1,2, J. Björklund Svensson3 , A. Latina1 , S. Thorin 4 ,
1 Beams Department, CERN, 1211, Geneva 23, Switzerland
2 School of Physics, University of Melbourne, 3010, Victoria, Australia
3 Department of Physics, Lund University, P.O. Box 118, SE-22100, Lund, Sweden
4 MAX IV Laboratory, Lund, Sweden

Abstract
Advancements in the theory describing density perturbations in accelerated charge particle beams, known as caustics,
has been gathering interest over the past few years. This proceeding describes the ﬁrst experimental measurements of
the caustic nature of charged particle trajectories in a particle accelerator. Caustics by their nature are discontinuities
that result from small continuous perturbations of an input.
Under certain conditions, small density modulations will
reliably produce striking changes in the corresponding output current proﬁle. These current modulations can shift
along the bunch with varying higher-order longitudinal dispersion. The MAX IV linac double-bend achromats provide
the perfect test bed for experimentally verifying how the
caustic lines evolve. The natural ampliﬁcation of small perturbations makes caustics an attractive diagnostic tool, and
eﬀective tool for characterise the bunch compressors. This
approach also allows us to modify and improve the longitudinal charge proﬁle, removing current spikes or creating
tailor shaped current proﬁles.

INTRODUCTION

Caustics are the coalescence of trajectories forming points,
lines or surfaces of greatly enhanced charge density. Often
referred to as ‘natural focusing’ [1], caustics are the envelope of particle trajectories. Figure 1 illustrates a caustic line
forming where multiple electron trajectories coalesce. Longitudinal dispersion that can be used to compress a chirped
bunch, can lead to caustics evidenced by current spikes at
the head or tail, or both the head and tail of a bunch.
A caustic expression has been derived based upon the
approach presented in reference [2]. This parametric expression describes the longitudinal position of the caustics for a
given set of control parameters, R56 , T566 , and U5666 (i.e. the
ﬁrst-, second-, and third-order longitudinal dispersion);
δ(zi )
R56 δ(zi ) U5666 δ3 (zi )
+
+ 
(1a)
2
2
2δ (zi )


1
1
− 3U5666 δ2 (zi )
T̃566 (zi ) =
(1b)
−R56 − 
2δ(zi )
δ (zi )
z̃(zi ) = −zi −

where δ(zi ) is the shape of the initial longitudinal phase
space distribution (or chirp), often described by a high-order
polynomial and δ (zi ) is the derivative with respect to zi .
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When a bunch is subjected to strong bunch compression, often the compressed bunch will exhibit a singlespike [3–5] or double-horned [6–10] current proﬁle . These
current spikes are detrimental to FEL performance, leading
to greater CSR which can increase the horizontal projected
emittance [11–13].

Figure 1: Illustration of a caustic line (red, bold), which is the
envelope of particle trajectories (blue) which are focused and
defocused by beam optics. Each trajectory that contributes
to the caustic, makes a tangent to the caustic line.
In this paper, we present the preliminary work done for
measuring of the caustic nature of electron trajectories passing through a dispersive region. The experimental setup is
described and some initial results presented.

General Layout of the MAX IV Linac
The MAX IV facility consists of a 300 m S-band linac [14],
that provides both full energy and top-up injection to two
storage rings (1.5 and 3 GeV) and is a high brightness driver
for a short pulse facility (SPF) [4]. Plans are also under
way for an Soft X-ray Laser (SXL) beamline fed by the
same linac [15]. A 1.6 cell photo cathode gun capable of
producing an emittance of 0.4 mm mrad [4] is used for the
SPF and for the measurements shown in the next sections.
A schematic layout of the linac can be seen in Fig. 2.

Bunch Compressors
Bunch compression is shared across two double-bend
achromats. The double achromat is characterized by a positive R56 value, and therefore necessitates acceleration on the
falling slope of the RF crest. The double achromat design
also has a positive T566 value which is naturally close to
the optimal T566 for linearization of the longitudinal phase
space. As such, these achromat designs are called “selflinearizing”, and avoid the need for a harmonic linearizating
cavity [16, 17]. Two weak sextupoles are located in each
bunch compressor, positioned in the middle of the achromat
where the horizontal dispersion is greatest. These sextupoles
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Saint Petersburg State University, St. Petersburg, Russia

Abstract

Radiation of charged particles moving in presence of dielectric targets is of significant interests for various applications in accelerator and beam physics. Typically, the size
of the target is much larger than the wavelengths under consideration. This fact gives us an obvious small parameter
and allows developing approximate methods for analysis.
We develop two methods: the “ray-optical method” and
the “aperture method”. We applied the aperture method to
different dielectric objects such as a cone, a prism, and a
concentrator of Cherenkov radiation. This paper is mainly
devoted to the case of dielectric ball with vacuum channel. Using the aperture method, we obtain analytical results,
demonstrate typical graphics for the radiation field, and give
comparison with COMSOL Multiphysics simulations.

INTRODUCTION

Radiation of charged particles moving in the presence
of dielectric objects (“targets”) is of interest for various applications [1–3]. As an example, one can mention a new
method of bunch diagnostics which requires calculation of
Cherenkov radiation outside dielectric objects [2, 3]. Typically, the size of the target is much larger than the wavelengths under consideration, and this fact considerably complicates computer simulations. On the other hand, this fact
gives us an obvious small parameter of the problem and allows developing approximate methods of analysis. We have
offered two methods for the solution of such problems which
can be called the “ray-optical method” [4, 5] and “aperture
method” [6–11].
The essence of the developed methods described in detail
in [8–11]. The main points are the following. The 1st and 2nd
steps are the same for both methods. Firstly, we solve certain
“etalon problem” which does not take into account “external”
boundaries of the target, i.e. we consider the infinite medium
with the boundary nearest to the charge trajectory and obtain
the field inside the bulk of the target. This field can be called
an “incident” field. At the second step, we select the part
of the external surface of the object which is illuminated by
Cherenkov radiation (this part can be called an “aperture”).
Since the object size is much greater than wavelengths under
consideration, we calculate the field on the external surface
of the aperture using Snell’s and Fresnel’s laws.
The last steps of these methods are different. The rayoptical method uses the ray-optical laws for calculation of the
wave field outside the object [4, 5]. However, this technique
has essential additional limitations. The distance 𝐿 from
∗
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the aperture to the observation point should not be very
large, i.e. the so called “wave parameter” 𝐷 should be small:
𝐷∼𝜆𝐿/Σ≪1, where Σ is the aperture area, and 𝜆 is the
wavelength under consideration. The observation point also
cannot be close to the focuses and caustics.
The aperture method is more general [6–11]. It is valid
for observation points with arbitrary wave parameter 𝐷, including the Fraunhofer area (or far-field area) where 𝐷≫1,
as well as the neighborhoods of focuses and caustics. At the
final step of this technique we calculate the field outside the
target using the known Stratton-Chu formulas (“aperture integrals”). These formulas allow determining the field in the
surrounding space if tangential components of electric and
magnetic fields on the aperture are known. In papers [8, 11]
we have verified the aperture method for the cone target using
simulations in COMSOL Multiphysics. It has been showed
that this technique can be applied even for the objects having
the size of several wavelengths.

APERTURE INTEGRALS
Aperture integrals (or Stratton-Chu formulas) for Fourier
transform of electric field can be written in the following
general form (we use Gaussian system of units) [8–11]:
⃗ = 𝐸⃗(ℎ) (𝑅)
⃗ + 𝐸⃗(𝑒) (𝑅)
⃗ ,
𝐸⃗ (𝑅)
⃗ =
𝐸⃗(ℎ) (𝑅)

𝑖𝑘
⃗ 𝑅⃗ ′ ∣) +
∫ {[𝑛′⃗ ×𝐻⃗ (𝑅⃗ ′ )] 𝐺 (∣𝑅−
4𝜋 Σ

1
⃗ 𝑅⃗ ′ ∣)} 𝑑Σ′ , (1)
([𝑛′⃗ ×𝐻⃗ (𝑅⃗ ′ )] ⋅∇′ ) ∇′ 𝐺 (∣𝑅−
𝑘2
⃗ = 1 ∫ [[𝑛′⃗ ×𝐸⃗ (𝑅⃗ ′ )] ×∇′ 𝐺 (∣𝑅−
⃗ 𝑅⃗ ′ ∣)] 𝑑Σ′ ,
𝐸⃗(𝑒) (𝑅)
4𝜋 Σ
+

where Σ is the aperture area, 𝐸⃗ (𝑅⃗ ′ ), 𝐻⃗ (𝑅⃗ ′ ) is the field
on the aperture, 𝑘=𝜔/𝑐 is the wave number of the outer
space (vacuum), 𝑛′⃗ is the unit external normal to the aperture in the point 𝑅⃗ ′ , 𝐺 (𝑅) =exp (𝑖 𝑘𝑅)/𝑅 is the Green
function of Helmholtz equation, and ∇′ is the gradient:
∇′ =𝑒𝑥⃗ 𝜕/𝜕𝑥 ′ +𝑒𝑦⃗ 𝜕/𝜕𝑦′ +𝑒𝑧⃗ 𝜕/𝜕𝑧′ . Analogous formulas are
known for the magnetic field as well. Note that ∣𝐸∣⃗ ≈ ∣𝐻∣⃗ in
the points remote from the aperture for several wavelengths.
It is often interesting to obtain the wave field in Fraunhofer
area (or far-field area) where the “wave parameter” 𝐷 is large:
𝐷∼𝜆𝑅/Σ≫1. In this area, expressions (1) are simplified to
the following form:
(ℎ)
′
′
⎧
{𝐸 ⃗ ⎫
} 𝑖𝑘𝑒𝑖𝑘𝑅 ⎧
{ [𝑒𝑅⃗ × [𝑒𝑅⃗ × [𝐻⃗ (𝑅⃗ ) ×𝑛 ⃗ ]]]⎫
}
≈
∫
×
⎨
⎨
⎬
(𝑒) ⎬
′⃗ ×𝐸 ⃗ (𝑅⃗ ′ )]]
4𝜋𝑅
⃗
{
}
{
}
𝐸
[
𝑒
⃗
×
[
𝑛
Σ ⎩ 𝑅
⎩
⎭
⎭
×exp(−𝑖𝑘𝑒𝑅⃗ 𝑅⃗ ′ )𝑑Σ′ ,

(2)

⃗
where 𝑒𝑅⃗ =𝑅/𝑅.
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THE LATINO PROJECT – AN ITALIAN PERSPECTIVE ON CONNECTING
SMEs WITH RESEARCH INFRATRUCTURES
L. Sabbatini†, D. Alesini, A. Gallo, A. Falone, INFN/LNF, Frascati (Roma), Italy
V. Pettinacci, INFN-Roma1, Roma, Italy
Abstract
The National Laboratories of Frascati (LNF) are the
first Italian research facility for the study of nuclear and
subnuclear physics with accelerators and are the largest
laboratories of the Italian National Institute for Nuclear
Physics (INFN), the public body whose mission is theoretical, experimental and technological research in subnuclear, nuclear and astroparticle physics. LNF have an
extensive experience in designing, installation, testing and
operation of particle accelerators and the related technologies. The competences range over almost all the technologies related to particle accelerators, including radio
frequency, vacuum, magnets and mechanics.
LNF have always had a close relationship with the regional and national industries, stimulating the development and growth of the industrial background by means
of close collaboration with partners.
The LATINO (a Laboratory in Advanced Technologies
for INnOvation) project is an initiative that fits into this
path and aims to strengthen this relationship, allowing
access to the technologies, instruments and competences
not otherwise available to the enterprises. A modern vision of advanced economies recommends the Technology
Transfer from the research world to the productive activities through the creation of research infrastructures as the
most efficient system for generating innovation and economic development [1-3]. The Regione Lazio, despite
hosting centres of excellence, has a delay in the establishment of this kind of infrastructures.

THE LATINO INFRASTRUCTURE
LATINO is an open access Research Infrastructure that
will be opened to external users, for both research and
economic activities. LATINO will also be a focal point
for Research Institutions operating in the development of
advanced technologies for particle accelerators. It is based
on four main laboratories: Radio Frequency, Magnetic
Measurements, Vacuum and Thermal Treatments, Mechanical Integration. The laboratories, already in operation at LNF, are now under a deep upgrading process in
order to fully exploit their potential. INFN Roma1 – one
of the other divisions located in the Lazio region and one
of the most ancient of the whole institute – will collaborate with LNF sharing its relevant knowledge about mechanical 3D design and integration of large facilities. In
the future, other laboratories could eventually be included
in the project, depending on the interest of the industries
and on the sustainability by INFN.
____________________________________________
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The main goal is to promote the access to those technologies in order to support the development also in areas
other than the nuclear and particle physics research.
This project is co-funded by the LAZIO regional government, as one of the winners of the call “Open Research
Infrastructures” within POR-FESR 2014-2020 European
activities (http://www.lazioinnova.it/bandi-post/sostegnoalle-infrastrutture-aperte-la-ricerca/). The main goal of the
call is the re-industrialization of the Region, enabling the
access of Small and Medium Enterprises to the technologies developed in Research Institutes that could help in
qualifying their products and activities.
The project is organized in two main phases. The first
phase (2018-2020) is aimed to set up the infrastructure,
procure the required instrumentation and upgrade the
existing facilities. During the second phase (2020-2025)
the activities will start and will be monitored by the main
stakeholder (regional government) in order to assess the
financial sustainability as presented in the business plan.
The overall budget of the project is about 2.5 M€, 65% of
which will be funded by Regione Lazio, with a contribution of less than 1 M€ by INFN. According to the rules of
the call, this budget has to be used for instrumentation and
civil engineering.
During the first phase, now in progress, the laboratories
will be equipped with state of the art instrumentation,
which will integrate the already existing tools. The instrumentation includes, among others, a X-band high
power plant to test cavities up to 50 Hz repetition rate and
200 MW input power, a network analyser to characterize
microwave devices up to 110 GHz, an ultra high vacuum
furnace for thermal treatments and brazing, an outgassing
measurement system to characterize vacuum materials, a
stretched wire bench and a rotating coil for magnetic field
measurements of multipoles, environmental and stereoscopic laser scanners.

Radio Frequency Laboratory
The Radio Frequency laboratory will be organized in
two sections: high power and low power RF and it is
devoted for the characterization of RF systems for particle
accelerators, medical accelerators, telecommunication
systems and aerospace applications.
The high power section includes a 12 GHz (X-Band)
RF Klystron and a solid state pulsed RF modulator able to
provide 50 MW, 1 µs RF pulse at 12 GHz with a repetition rate of 50 Hz, if used with a pulse compressor the
peak power and the pulse length would be 200 MW and
100 ns respectively. The X-Band RF station will be installed in a dedicated bunker in order to guarantee all the
radioprotection issues. The bunker will be equipped with
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Abstract
The recent spectacular development of Laser Plasma Accelerators (LPA) that now can deliver GeV electron beams in
an extremely short distance makes them very promising. Applications for light sources based on undulator radiation and
Free Electron Laser (FEL) appear as an intermediate step to
move from an acceleration concept to an accelerator qualification. However, the presently achieved divergence and energy spread require some electron beam manipulations. The
COXINEL test line was designed for enabling FEL operation
with baseline reference parameters. It comprises variable
permanent magnet quadrupoles for divergence handling, a
magnetic chicane for electron energy sorting, a second set of
quadrupole for chromatic focusing and an undulator for synchrotron radiation emission and/or FELgain medium. The
transport along the line is controlled [1]. The synchrotron
radiation emitted by the undulator radiation is studied under
different conditions of detection, electron beam manipulation and undulator parameters. These observations pave the
way towards LPA based FEL.

INTRODUCTION

Accelerator based light sources presently know a very
wide development [2]. After the first generation light sources
(in the eighties) parasitically using synchrotron radiation
from storage rings built for high energy physics, the construction of few mm.rad emittance dedicated storage rings
accomodating few undulators [3] and wigglers (second generation), third generation light sources (from the nineties)
with storage rings of low emittance, high undulator number,
enabling partial transverse coherence are present workhorses
for investigation of matter, biological and cultural heritage
samples. Accelerator based light sources make a large use of
undulators, providing a permanent periodic magnetic field
𝐵𝑢 and period 𝜆𝑢 . In an undulator, relativistic electrons of
Lorentz factor 𝛾 oscillate, and emit synchrotron radiation.
The single electron radiation from the consecutive undulator
periods constructively interferes, leading to a spectrum of
sharp lines at the resonance wavelength 𝜆𝑟 and its harmon∗
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ics of order n, given by 𝜆𝑟 = 𝜆𝑢 (1 + 𝐾𝑢2 /2 + 𝛾2 𝜃2 )/2𝑛𝛾2 ,
with 𝐾𝑢 the deflection parameter (𝐾𝑢 = 93.4 𝐵𝑢 [T] 𝜆𝑢 [m]),
𝜃 the observation angle, with a Full Width Half Maximum
(FWHM) homogeneous relative linewidth of ( Δ𝜆
𝜆 )hom ≃
0.9
with
𝑁
the
undulator
number
of
periods.
The
emission
𝑢
𝑛𝑁𝑢
from the 2𝑁𝑢 sources and the interference process leads to an
increase of brightness with respect to dipole radiation. The
quality of the electron beam (low energy spread and emittance) is essential to preserve the interference effect even in
the case of multi-electron contribution. The path towards
increased spectral brightness follows two approaches. Besides the reduction of the emittance on ”diffraction limited
storage rings” [4] for improved transverse coherence, longitudinal coherence can be achieved by setting the electrons
in phase (micro-bunching while wiggling in an undulator),
thanks to the Free Electron Laser process [5]. FELs use more
generally linear accelerators for short wavelength operation,
enabling to provide very short pulse and small spectral bandwidth. The advent of X-ray FELs [6] led to an increase of
the peak brightness by several orders of magnitude, enabling
to decipher the matter evolution on ultra fast time scales.
Presently, beam manipulation strategies are developed to
shape the FEL pulse for advanced properties, approaching
further the diffraction and Fourier limits in a wide spectral
range with a high level of flexibility for users. Alternately,
the use of advanced acceleration concepts such as LPA [7],
are considered to qualify them with the FEL applications,
with the goal of achieving «more compact» light sources
[8, 22]. An LPA based FEL would combine two major outcomes of the laser invention [9]. Following Chirped Pulse
Amplification techniques [10], ultra high power lasers can
now create and accelerate electrons up to several GeV within
ultra-short distances [11–13]. An intense laser focused onto
a gas target ionizes the gas medium and pushes the electrons
out of its path while leaving the ions undisturbed in comparison to electrons within the timescale larger than plasma wave
formation. An induced intense electric field of the plasma
drags behind the laser pulse. The electron beam seeded in
the acceleration phase of the plasma wave is accelerated
until it surpasses the wave and reaches it maximum energy.
The development LPA is promising: GeV range energy, kA
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Abstract
Particle beam driven wakefield acceleration in plasmas
(PWFA) are among the most promising candidates for novel,
compact accelerators. Several aspects of PWFA are under
investigation at the Photoinjector Test facility at DESY in
Zeuthen (PITZ). One of the main characteristics of these
accelerators is the ratio between field strength usable for
acceleration and decelerating field strength in the driver
bunch, the so called transformer ratio. To reach high transformer ratios, usually shaped bunches, e.g. with ramped
current profiles and lengths on the order of or longer than
the plasma wavelength are employed as drivers. Due to their
length, such bunches have been predicted to be subject to
beam-plasma instabilities like hosing and self-modulation.
Here, we give an overview of experimental results on PWFA
with high transformer ratios at PITZ with a focus on the
production of the required electron bunches by shaping the
photocathode laser pulses of a photoinjector. Further developments on the shaping technique, allowing highly flexible
electron bunches for future plasma wakefield accelerators
are also introduced.

INTRODUCTION

Since the proposal of utilising wakefields in plasmas
driven by high energy particle beams to accelerate electron or positron witness particles with high gradients [1, 2],
the method has made significant advancements. High gradient beam-driven plasma wakefield acceleration (PWFA) has
been demonstrated as well as the achievement of enhanced
efficiency [3, 4]. Only recently, it was also demonstrated
that a high ratio of the acceleration of the witness beam
to the deceleration of the driver beam can be achieved [5].
This so-called transformer ratio [6–8] defines the maximum
achievable witness particle energy for a given driver particle energy, or similarly the minimum required driver beam
energy for a target witness energy. Furthermore, it can be
shown that achieving a high transformer ratio (HTR) requires
a homogeneous decelerating field within the driver bunches.
As homogeneous deceleration is a prerequisite for extracting
the maximum amount of energy from a driver bunch with
∗
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low initial energy spread, achieving high transformer ratios
is similar to enabling high efficiency PWFA.
In the linear regime of plasma wakefields and for longitudinally symmetrical driver bunches the transformer ratio is
limited to below 2 by the fundamental theorem of beamloading [6, 9, 10]. To surpass this limit, several longitudinally
asymmetrical bunch shapes, usually consisting of a linear
current ramp — sometimes with a precursor — and a sharp
drop at the tail (also called “triangular”), have been proposed [8, 11–14]. As bunches that typically emerge from
conventional photoinjectors do not exhibit such asymmetrical bunch shapes, additional measures have to be taken
to deliver such bunches to PWFAs. In this work we will
give brief overviews of currently available bunch shaping
schemes and of the status of HTR wakefield acceleration.
We will introduce the bunch shaping scheme in use at the
photoinjector test facility at DESY in Zeuthen (PITZ), show
some recent results on HTR PWFA with shaped bunches
achieved at PITZ and discuss limitations of the bunch shaping for achieving stable acceleration of finite length witness
bunches.

SHAPING SCHEMES FOR PICOSECOND
RAMPED ELECTRON BUNCHES
Shaping of triangular bunches was achieved with various methods. These methods are based on either the introduction of nonlinear modifications to the longitudinal
phase space (LPS) of a bunch , which are subsequently
transferred into the longitudinal profile in a magnetic chicane [15,16], cutting parts of the bunch distribution from the
LPS [17, 18], introduction of nonlinear transverse fields to a
dispersed bunch [19] or transverse masking of parts of the
bunch and consequent transverse-to-longitudinal emittance
exchange [20–22]. Nevertheless, all the above-mentioned
methods exhibit some intrinsic drawbacks as e.g. the necessity for additional, dedicated beamline elements. Some
schemes also lead to distortion of the transverse phase space
which limit further application of the shaped bunches [19],
others imply large charge losses within the vacuum of the
accelerator beamline [18, 22]. While the latter is of limited
concern at low repetition rates, the supply of high repetition
rate shaped bunches for wakefield accelerators will necessi-
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LONGITUDINAL-PHASE-SPACE MANIPULATION FOR EFFICIENT
BEAM-DRIVEN STRUCTURE WAKEFIELD ACCELERATION∗
W. H. Tan1† , P. Piot1,2 , A. Zholents3
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2 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
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INTRODUCTION

Collinear beam-driven wakefield acceleration (SWFA)
achieves high accelerating gradient with a smaller physical
footprint than conventional accelerators. The transformer
+
ratio R = E
E− , defined as the ratio of the maximum of the
accelerating field behind the bunch E+ , to the maximum of
the decelerating field within the bunch E− , quantifies the
efficiency of beam-driven acceleration. According to the
beam loading theorem, R < 2 for a symmetric longitudinal current distribution. However, it was recognized that
tailoring the current distribution could enhance the transformer ratio to arbitrarily large values [2], although at the
expense of a reduced peak accelerating electric field [3].
Over the years, several beam shaping techniques have been
proposed and investigated including photocathode laser shaping techniques [4–6], transverse-to-longitudinal phase-space
emittance exchange [7, 8], and multi-frequency linacs [9].
Most of the shaping schemes (except for the transverse-tolongitudinal phase-space-exchange technique) are based on
manipulation within the longitudinal degree of freedom only
and can be assisted by collective effects acting in the longitudinal phase space (LPS). Hence, the transverse beam
dynamics can be ignored at the early design stage of the
bunch-shaping optimization process. Here we report our
recent efforts in LPS manipulation to produce an optimized
∗
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Collinear beam-driven structure wakefield acceleration
(SWFA) is an advanced acceleration technique that could
support the compact generation of high-energy beams for
future multi-user x-ray free-electron-laser facilities [1]. Producing an ideal shaped drive beam through phase space
manipulation is crucial for an efficient SWFA. Controlling
the final longitudinal-phase space of the drive beam necessitate staged beam manipulations during acceleration. This
paper describes the preliminary design of an accelerator
beamline capable of producing drive beam with tailored current distribution and longitudinal-phase-space correlation.
The proposed design is based on simple analytical models
combined in a 1-D longitudinal beam-dynamics simulation
tracking program supporting forward and backward (time
reversal) tracking.

driver beam for SWFA. We start with the ideal current distribution required for the SWFA. We employ backward tracking technique [4] using the LPS macroparticle-tracking code
twice [10] to investigate the current distribution needed from
the electron gun. The accelerator configuration was obtained
through purposeful manual tuning of a generic accelerator
layout supplemented with multi-objective optimization.

(MV/m)

Abstract

Wakefield (MV/m)
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Figure 1: Longitudinal wakefields generated by an exact
doorstep bunch (red-shaded area) and a modified doorstep
bunch (green-shaded area) as the bunch passes through a
220 GHz corrugated waveguide [11]. The achieved transformer ratio is R ≈ 5.

SIMULATION MODEL
Single Particle Dynamics
The single particle dynamics of an electron beam in
relativistic regime, is described by a simple LPS coordinate transformation (ζi , Ei ) → (ζ f , E f ). The acceleration through a radiofrequency (RF) linac is assumed
to only affect the energy so that (ζi , ζ f ) →

ζ f = ζi , E f = Ei ± eVRF cos φ − 2πc f ζi , where eVRF is
the accelerating voltage, and f and φ are the operating frequency and phase associated with the linac. Likewise, an
arbitrary longitudinal transformation in a longitudinallydispersive section is modelled by the
 transformation
(ζi , ζ f ) → (ζ f = ζi ± R56 δi + T566 δi2 , E f = Ei ) where
ref
δi ≡ EiE−E
is the relative momentum offset. The + sign
ref
indicates forward tracking, conversely the − sign indicates
backward tracking. The indices i and f are used to describe
LPS coordinates before and after the transformation, which
it can be either forward or backward tracking.

Collective Effects
The treatment of collective effects is implemented as a
ζ-dependent energy-kick approximation on the beam ∆E(ζi )
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PROPOSED NONLINEAR INJECTION KICKER FOR THE AUSTRALIAN
SYNCHROTRON
R. Auchettl∗ , Y.-R. E. Tan, ANSTO Australian Synchrotron, Clayton, Australia

Abstract
Future beamline development at the Australian Synchrotron requires free floor space within the straights for
a short undulator and relocation of diagnostics. Our current
injection method uses a four-dipole kicker configuration that
perturbs the stored beam during injection while also taking
up approximately 4 meters of valuable space.
To free this valuable space and provide transparent injections to the beamlines, a single pulsed nonlinear magnetic
field kicker (NLK) will be deployed. The desirable property
of a NLK is that it has a flat and zero field at the stored
beam but maximum field where the injected beam is located
off-axis. NLKs deflect only the injected beam, leaving the
stored beam undisturbed. NLKs have been extensively prototyped by many facilities around the world already and can
produce injection efficiencies of 99% [1, 2].
This paper presents the preliminary magnet design for
installation of a NLK at the Australian Synchrotron. We discuss the beam dynamics and thermal transfer constraints on
kicker placement, field-flatness and the magnet and ceramic
chamber design for adaptation to our 3 GeV beam. Installation plans and other constraints for future deployment are
also outlined.

INTRODUCTION

The Australian Synchrotron (AS) is 3 GeV, 3rd generation facility located in Melbourne, Australia. Recently, the
second phase of beamline development at the AS through
the BRIGHT program was announced; culminating in the
production of 8 new beamlines. The current injection system in the storage ring of the AS uses a traditional 4 dipole
kicker magnet configuration. In this method, 4 dipole kicker
magnets are used to bump the stored beam close to the septum during top-up injection. However, this injection method
introduces unavoidable beam oscillations that result in a momentary drop in photon flux at the beamlines in addition to
taking up space in straight sections 2 and 14. Additionally,
optimisation of the injection system does not eradicate the
oscillation entirely (see e.g. [1, 3]).
The unavoidable oscillations in the beam arise from two
contributions. The first is the non-perfect/non-synchronous
kicker magnets – where to obtain a perfect kick and zero
oscillations, the kicker magnet response and components
need to be perfectly identical. A uniform kicker response
is impossible due to unavoidable differences in the magnet, chamber or kick amplitudes. The second is that the 4
kick bump stretches across two arc sectors that contain sextupoles and the second order fields would require the relative
strengths of the four kickers to change along the ramp. This
∗
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is currently not possible with our half-sin pulsers. Mitigation
methods such as linearising the nonlinear fields by scaling
the sextupoles to the kick amplitude at the sextupole as been
tried but the resultant decrease in beam lifetime meant this
could not be implemented.
The result is a noticeable change in the beam size due to
the oscillations induced by the injection kicker. To continue
providing cutting-edge research infrastructure and considering the expansion of beamlines through the BRIGHT program, a new compact and efficient injection system should
be used. A more compact and transparent injection system
would free the space within the ring for future insertion
devices without affecting the stability of the beam.

PROPOSED SOLUTION
To free up space and provide the user community with
more stable source, we propose installation of a single nonlinear kicker (NLK). NLKs have been extensively prototyped
by many facilities around the world already (e.g. DLS [1],
LNLS [2], ALS [4], BESSY II [5]). A non-linear kicker
deflects only the injected beam leaving the stored beam
undisturbed. As shown in Figure 1, the NLK is designed so
it has a nonlinear magnetic field that is flat and zero at the
stored beam (umperturbed) but maximum where the injected
beam is located off-axis (to kick the injected beam into the
acceptance of the stored beam). The kicker design that has
been adopted is similar to LNLS design with the conductors
in air surrounding a narrow gap ceramic vacuum chamber.

PRELIMINARY MAGNET DESIGN
Electromagnetic Simulations
NLK electromagnetic calculations were completed using
the Finite Element Magnetics Method (FEMM) [6]. The
initial starting geometry selected for investigation was a 4
copper conductor symmetrical configuration with a magnetic depth of 280 mm. While this configuration would be
simpler to implement, our investigations showed that the
y-component field had an unacceptable field gradient that
would perturb the stored beam. As such, we turned to a
higher order NLK configuration that consists of 8 conductors mounted on a Titanium coated ceramic chamber.
The coil design will consist of 8 copper wire conductors
that are precision mounted on the ceramic chamber. The
wires will be arranged in symmetry with 2 wires per quadrant
with each wire generating the opposing current.

Design Constraints
We require the final geometry to meet the following criteria:
MC2: Photon Sources and Electron Accelerators
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BEAM DYNAMICS AND DIAGNOSTICS FOR THE HIGH ENERGY BEAM
TRANSPORT LINE OF MINERVA PROJECT AT SCK-CEN *
H. Kraft†, L. Perrot, CNRS, Université Paris-Saclay, Université Paris Sud, IPN Orsay, France

Abstract

MYRRHA will be a research infrastructure highlighted
by the first prototype of a sub-critical nuclear reactor
driven by a 600 MeV particle accelerator (ADS). This project aims at exploring the transmutation of long-lived nuclear wastes. A first phase is planned to validate the reliability of a 100 MeV/4 mA Protons LINAC carrying the
beam toward an ISOL facility, prefiguring the real
MYRRHA demonstrator at 600 MeV [1]. This project is
called MINERVA [2]. This paper presents the status of the
beam dynamic studies for the high energy beam transport
lines at 100 MeV. In agreement with the project requirements, we describe the specificities of these beam lines for
which it is needed to implement a fast kicker-septum. This
system will separate the beam between two main lines: toward the beam dump or the ISOL facility [3]. We also describe the studies on the Beam Position Monitor (BPM) selected for MYRRHA. Part of this work was support by the
MYRTE project of the European Union [4].

HEBT BEAM DYNAMIC
The HEBT beam dynamic studies are performed with the
Tracewin software [5]. Allowing beam dynamics simulations and gradient’s optimisation of the magnetic elements
toward the beam lines as quadrupoles, dipoles, steerers.
Adding statistical errors on the beam characteristics and
the elements, an entire errors study can be achieved and has
to fit with the beam requirements.
The nominal Protons beam characteristics along the
HEBT will be 100 MeV at 4 mA. In the operating domain
of the machine, the three beam lines can receive 400 kW
maximum peak power. The maximum mean power in the
beam lines will be: 400 W for the ETBD, 400 kW for
FPBD, 50 kW for PTF. The mean power distributed along
the lines can be monitored with the beam time structure
suggested for the nominal operating mode at MINERVA
(see Fig. 2).

INTRODUCTION

The high energy beam transport (HEBT) of MINERVA
requires the construction of three beam lines. The first one
named Energy Tuning Beam Dump (ETBD) line will be
dedicated to the commissioning of the accelerator and during beam tuning phases. The beam will be stopped in a dedicated beam dump station (Pmax = 400 kW). The second
line named Full Power Beam Dump (FPBD) line will be in
charge to ensure a full power reception of the beam on a
dump installed in a dedicated area. This line will be connect the Protons Target Facility (PTF) line. This third line
will be in charge to transport a given fraction of the Protons
beam up to the building dedicated to nuclides production
for irradiations, R&D and experimental physics. The
FPBD line and the PTF line will have a common section
and will be linked operationally. The beam transfer along
the PTF line or the FPBD line will be provided using a
kicker and septum (see Fig. 1). Moreover, the HEBT lines
needs non-interceptive diagnostics to measure beam characteristics. Among them, Beam Position Monitor (BPM)
are used to centre the beam. Beyond the beam position, devices allow us to measure beam energy, beam ellipticity
and the beam current. This work describes the studies on
the BPM selected for MINERVA, aiming to realise a parametric study and optimise the BPM sensitivity for a 100
MeV Proton beam.

Figure 2: Beam time structure requirements for MINERVA
in nominal operating mode.
A large fraction of the beam is transmitted to the FPBD,
and periodically a fraction to the PTF. The bunch repetition
rate of MYRRHA is 176 MHz (a bunch each 5.7 ns), leads
a too short period of time to switch the beam between the
two lines. In the low energy section of the LINAC, the
chopper create holes in the time structure, expected in the
range from 5 µs up to 20 µs. These holes allow the rise of
field (T1 - T2), and the fall of field (T3 - T0), of a fast magnet aimed to bend the beam to the PTF line (see Fig. 2). As
a fast dipole, it is planned to design a fast kicker magnet
associated with a septum magnet.

Fast Magnet – Kicker & Septum
The kicker is activated in order to apply a short deviation
to the beam going to the PTF section. A septum magnet
must be installed in order to increase the beam deviation.
Main characteristics of the kicker are presented in Table 1.
The MYRRHA Kicker specifications are based on the existing CERN kicker build for CNAO [6].

Figure 1: Scheme of the HEBT lines for MINERVA.

___________________________________________
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BEAM LINE OPTIMIZATION USING DERIVATIVE-FREE ALGORITHMS
S. Appel∗ , S. Reimann, GSI, Darmstadt, Germany
Abstract
The present study focuses on the beam line optimization
from the heavy-ion synchrotron SIS18 to the HADES experiment. BOBYQA (Bound Optimization BY Quadratic
Approximation) solves bound constrained optimization problems without using derivatives of the objective function. The
Bayesian optimization is another strategy for global optimization of costly, noisy functions without using derivatives.
A python programming interface to MADX allow the use
of the python implementation of BOBYQA and Bayesian
method. This gave the possibility to use tracking simulation
with MADX to determine the loss budget for each lattice setting during the optimization and compare both optimization
methods.

This is a preprint — the final version is published with IOP

INTRODUCTION
FAIR—the Facility for Antiproton and Ion Research will
provide antiproton and ion beams of unprecedented intensities as well as qualities to drive forefront heavy ion and
antimatter research [1]. The complexity of the FAIR facility
demands a high level of automation to keep anticipated manpower requirements within acceptable levels, as shown in [2].
An example of complexity is the High Energy Beam Transport System (HEBT) of FAIR which forms a complex system
connecting among other things seven storage rings and experiment caves and has a total length of 2350 metres [3]. A
similar and current optimization problem is the beam line
from the heavy-ion synchrotron SIS18 to the HADES experiment. This beam line is part of the high-energy beam
transport system of the existing GSI facility called HEST.
The HADES beam line is over 150-meter-long and contains
22 focusing quadrupoles as well as 11 steers magnets. The
aim of the optimization has been to minimize the beam loss
along the transport and reach simultaneous a small focused
beam at the experiment target.
An automatized machine based optimization with
derivative-free algorithms may improve the time for optimization and control of beam lines, if a model-driven optimization is not suﬃcient. The HADES experiment requires
a slow extracted beam form the SIS18, therefore an online
evaluation of beam line must be low as possible and additionally not exceed boundary conditions by machine and
radiation protection. BOBYQA and Bayesian optimization
are for engineering problems know to be rapid convergence
derivative-free algorithms. Therefore, a comparison study
between has been carried out to determine the fastest algorithms of both.
The optimization of the parameters for the SIS18 multiturn-injection (MTI) using a genetic algorithm has already
been simulated and has been successfully demonstrated ex∗
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perimentally at the CRYRING@ESR [4–6]. The natureinspired optimization has potential to reduce the manpower
requirements and variations of quality performance due to
the manual procedure. These algorithms are stable, but typically require many evaluation.
In many real-life problems, multi-quantities - as well as
for the HADES beam line - have to be optimized. In addition,
these quantities can be contradicting and there is more than
one equally valid solution. These solutions form a so-called
Pareto front (PA front) in the solution space. A solution is
Pareto optimal if it is not dominated by any other solution.
By using a non-dominated selection algorithm one tries to
ﬁnd solutions near the optimal Pareto set [7]. Genetic algorithms allow multi-objective optimization, whereby usually
derivative-free algorithms do not enable this. Therefore, a
weighting factor approach is used for multi-objective reduction and the composite objective function is than optimized.
The composite objective function is constructed from a set
of individual objective functions using a user-speciﬁed set
of weighting factors. The higher the weighting factor, the
more dominant a particular objective function will be in the
optimization process.

DERIVATIVE-FREE ALGORITHMS
Bound Optimization By Quadratic Approximation
(BOBYQA) is a deterministic method and widely used
for engineering problems. The Bayesian method follow a
stochastic (probabilistic) approach and is therefore a nondeterministic method. Deterministic methods typically require fewer executions of an experiment than is the case
with non-deterministic procedures. In particular, they work
demonstrably eﬃciently when good initial values are available, such as empirical values of previous operating parameters [8]. Nevertheless, for online accelerator optimization
the probabilistic Bayesian method has been demonstrated as
powerful [9].

BOBYQA Optimization
BOBYQA is a bound constrained optimization for ﬁnding a minimum of a function without using derivatives of
the objective function proposed by Michael J. D. Powell in
2009. Each iteration employs a quadratic approximation of
optimization function by using trust regions [10]. Quadratic
models of objective functions are highly useful in many
optimization algorithms. They are updated regularly to include new information about the objective function, such
as the diﬀerence between two gradient vectors. An online
algorithm needs to be aware of the noise and take action
more cautiously [11]. Py-BOBYQA is an open-source and
user-friendly python implementation of BOBYQA which implements robustness to noise strategies by introducing a new
adaptive measure of accuracy for the data proﬁles of noisy
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CURRENT STATUS OF SLOW EXTRACTION FROM J-PARC MAIN RING
R. Muto∗ 1 , Y. Arakaki1 , T. Kimura1 , S. Murasugi1 , M. Okada1 , K. Okamura1 , T. Shimogawa1 ,
Y. Shirakabe1 , M. Tomizawa1 , T. Toyama1 , E. Yanaoka1 ,
High Energy Accelerator Research Organization, Tsukuba Ibaraki 305-0801, Japan
A. Matsumura, Nippon Advanced Technology Co., Ltd., Naka-gun, Ibaraki 319-1112, Japan
1
also at J-PARC Center, Naka-gun, Ibaraki 319-1195, Japan
Abstract
A 30 GeV proton beam accelerated in the J-PARC Main
Ring (MR) is slowly extracted by the third integer resonant
extraction and delivered to the hadron experimental facility. A dynamic bump scheme under achromatic condition
drastically reduces beam hit rate on the septa devices, and
we have attained 51 kW SX operation at 5.2 s cycle with
high slow extraction efficiency of 99.5%. A spill duty factor
indicating a uniformity of the time structure of the extracted
beam is typically 50%. The current SX performance and
future plans for improvements will be presented.

This is a preprint — the final version is published with IOP

INTRODUCTION
Japan Proton Accelerator Research Complex (J-PARC) [1]
is located at Tokai-mura, Ibaraki, Japan, and its Main Ring
(MR) provides 30 GeV protons for various particle and
nuclear physics experiments. The MR has two extraction
modes, fast and slow, and slowly extracted protons are delivered to the hadron experimental facility. Figure 1 shows
the schematic view of the MR and the layout of the straight
section for slow extraction (SX). High power and flat time
structure of the extracted beam are crucial for the efficient
data acquisition in the physics experiments.
The SX in the MR utilizes third integer resonance of the
horizontal betatron tune [2]. The horizontal tune is ramped
up toward the third integer resonance of 67/3. The stable
region of the phase space gradually decreases and particles in the unstable region increase their betatron oscillation
amplitude along separatrices. When particles reach the septum ribbons of the electrostatic septum (ESS) [3] they are
kicked and extracted. The straight section for the SX is
dispersion-free, and we set the chromaticity close to zero
during the extraction, thus the separatrices are independent
on the momentum of the particles. In addition, a dynamic
bump scheme [2] is adopted to minimize the change of the
separatrix during the extraction. Due to above measures
we accomplished very high extraction efficiency of 99.5%.
The spill duty factor, which indicates the uniformity of the
time structure of the spill, is defined as ⟨𝐼 2 ⟩/⟨𝐼⟩2 , where 𝐼 is
the beam intensity and ⟨⟩ denotes the integration during the
extraction, and typical value is about 50%.
In this paper the current operation status and the future
prospects of the SX in J-PARC MR are presented.
∗
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Figure 1: Schematic view of J-PARC MR and its straight
section for the slow extraction. COL stands for collimator.
SMS stands for magnetic septa for SX [4].

CURRENT OPERATION STATUS OF
SLOW EXTRACTION
The SX operation in the year 2019 started in February
after the 6-month shutdown. The beam power for the user
operation reached 51 kW, which corresponds to 5.5 × 1013
protons per pulse with the repetition rate of 5.2 s and the
flat top length of 2.61 s. The current acceptable beam power
of the hadron experimental facility is 57 kW and we almost
reached the limit. The user operation was terminated in late
April owing to the magnet trouble in the beam transport line
from the RCS to the MR, and the total number of protons
on target was 3.5 × 1019 in this run.

Extraction Efficiency
The efficiency of the extraction is estimated by the signals
of the beam loss monitors (BLM) [5] which are located at
each quadrupole magnet. The estimated extraction efficiency
was about 99.5%. Figure 2 shows the typical signals of the
BLM for a cycle of the slow extraction with the signal of the
DC current transformer (DCCT) which counts the number
of particles in the ring. The time dependence of the beam
loss is almost flat during the extraction, and the dynamic
bump scheme plays principal role in making the beam loss
flat and small.
WEPMP007
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A CONSIDERATION ON THE TRANSFER FUNCTION BETWEEN RQ
FIELD AND SLOW EXTRACTION SPILL IN THE MAIN RING OF J-PARC
K. Okamura†1, Y. Arakaki1, T. Kimura1, S. Murasugi1, R. Muto1, Y. Shirakabe1, M. Tomizawa1,
E. Yanaoka1, KEK, Tsukuba 305-0801, Japan
1
also at J-PARC Center, Japan
Abstract
A 30 GeV proton beam accelerated in the J-PARC Main
Ring (MR) is slowly extracted by the third integer resonant
extraction and delivered to the hadron experimental facility.
Increasing the duty of beam spill is one of the important
issues in the slow extraction system. In the MR, the spill
feedback system utilizing a digital signal processor (DSP)
combined with EQ and RQ magnet is used to smooth the
spill, where EQ defines a rough outline of the slow extraction shape and RQ is used for the ripple cancelling. In this
study, frequency domain characteristics between the current of RQ magnet and the beam spill was investigated by
driving the RQ magnet with sinusoidal current, so that the
transfer function from the current of RQ magnet to the spill
signal is delivered.

delivered from the study by driving the magnet with sinusoidal current in the beam extraction experiment is described in this paper.

INTRODUCTION
The main ring of Japan Proton Accelerator Research
Complex (J-PARC) [1], the main ring of which provides 30
GeV protons for various particle and nuclear physics experiments. The MR has two extraction modes, namely fast
extraction and slow extraction. The former is used for neutrino experiments and the latter is used for hadron experiment. Figure 1 shows the schematic view of the MR and
the layout of the straight section for slow extraction (SX).
High power and flat time structure of the extracted beam
are crucial for the efficient data acquisition in the physics
experiments. Therefore, to know the behaviour of the spill
is an important issue for the SX operation generally [2,3]
The SX in the MR utilizes third integer resonance of the
horizontal betatron tune [4]. The horizontal tune is ramped
up toward the third integer resonance of 67/3. The stable
region of the phase space gradually decreases and particles
in the unstable region increase their betatron oscillation
amplitude along separatrices. When particles reach the septum ribbons of the electrostatic septum (ESS) [5], they are
kicked and extracted.
The spill duty factor (SDF), which indicates the uniformity of the time structure of the spill, is defined as
⟨𝐼2 ⟩/⟨𝐼⟩2, where 𝐼 is the beam intensity and ⟨⟩ denotes the
integration during the extraction. The typical value of the
SDF at J-PARC MR is about 50 % [6]. Such high SDF is
attained adopting a transverse RF kicker system [7] and a
spill feedback system [8], which correct the tune ripple using two types of dedicated quadrupole magnets.
To optimize the feedback gain, it is important to comprehend the transfer function from the current of correcting
magnets to the spill of the extracted beam. A consideration
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Figure 1: Schematic view of J-PARC MR and its straight
section for the slow extraction. COS and SMS stand for
collimator and magnetic septa for SX, respectively.

Figure 2: Schematic of the spill feedback system.

Figure 3: A block diagram of the feedback program.

SPILL FEEDBACK SYSTEM
Figure 2 shows the block-diagram of the spill feedback
system of the J-PARC MR. The feedback signal is obtained
WEPMP008
2315

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPMP009

RENOVATION OF OFF-AXIS BEAM INJECTION SCHEME
FOR NEXT-GENERATION PHOTON SOURCES
S. Takano†1, K. Fukami1, C. Kondo1, M. Masaki, M. Oishi1, M. Shoji, K. Tamura, T. Taniuchi,
K. Yanagida, T. Watanabe1, JASRI, 679-5198 Sayo, Japan
T. Hara, T. Inagaki, H. Tanaka, RIKEN SPring-8 center, 679-5148 Sayo, Japan
K. Hamato, J. Kataoka, K. Kusano, K. Ogata, Y. Saito, Tokin Corporation, 982-0003 Sendai, Japan
H. Akikawa, K. Sato, Nihon Koshuha Co., Ltd., 224-0054 Yokohama, Japan
1
also at RIKEN SPring-8 center, 679-5148 Sayo, Japan

Abstract
Beam injection is one of the most crucial issues for the
success of next-generation photon sources such as near diffraction-limited storage rings (DLSRs). We propose a new
off-axis beam injection scheme, in-vacuum transparent offaxis beam injection, for the upgrade of SPring-8, SPring8-II, which aims at the high brilliance and coherence enabling innovations in various scientific and industrial fields.
The proposed scheme enables us to inject beams efficiently
into narrow dynamic apertures with small amplitude, to
minimize the degradation of the stored beam performance
for transparent beam injection, and to stack and maintain
by topping-up the required beam intensity. An overview of
the renewed off-axis beam injection scheme and the development status of the three key components are presented:
1) permanent magnet based DC septum magnet, 2) in-vacuum pulse septum magnet, and 3) twin kickers driven by a
single solid state pulser.

INTRODUCTION

Photon sources are looking for performance upgrades by
pursuing higher photon brilliance and coherence these
years. The trend is pushing the lattice design to lower the
beam emittance, which naturally results in narrower dynamic apertures of the rings. One bottleneck in the upgrades is the beam injection capable of accumulating and
keeping the stored beam current by top-up operations with
such narrow apertures. Beam injections with nonlinear
kickers and transverse/longitudinal on-axis injections are
now in the limelight. However, these techniques still need
time to be put into practical use. We propose an in-vacuum
transparent off-axis beam injection scheme for the SPring8 upgrade, SPring-8-II [1], by renovating the present offaxis beam injection to address the requirements of the coming diffraction-limited storage rings (DLSRs): minimizing
of both injected beam oscillation amplitude and perturbation to stored beams, and retaining of the topping-up functionality.
The three key components employed in the renewed
off-axis injection are 1) permanent-magnet (PM) based DC
septum magnet, 2) in-vacuum pulse septum magnet, and 3)
twin kickers driven by a precision solid state pulser. We
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have been developing the prototypes of the key components. We plan to install the developed in-vacuum pulse
septum magnet, twin kickers, and solid state pulser in the
storage ring of the new 3GeV photon source project in Japan [2] and to verify the performance of beam injection.
This paper gives an overview of the in-vacuum transparent off-axis beam injection scheme and reports the development status of the three key components.

IN-VACUUM TRANSPARENT OFF-AXIS
BEAM INJECTION
The requirements of beam injection for the next-generation photon sources are i) injected beam oscillation amplitude of a few millimeters by one order of magnitude
smaller than present, ii) stored beam oscillation amplitude
smaller than 10 m perturbed by beam injection for the
more transparent beam injection to photon users than present, iii) capabilities of stacking and maintaining by topping-up the required beam intensity. To address the above
requirements we renovate the current off-axis beam injection technique and propose an in-vacuum transparent offaxis beam injection scheme (Fig. 1) taking advantages of
expertise and experiences acquired by accomplishing the
stable and reliable top-up operation of SPring-8 [3].

Figure 1: Schematic of in-vacuum transparent off-axis
beam injection.
New features of the proposed in-vacuum transparent offaxis beam injection are as follows:
 windowless beam transport with differential pumping: free of degradation of low-emittance beam from
the high-performance injector caused by vacuum windows, contributing to minimize the injected beam oscillation amplitude.
 PM-based DC septum magnet: cutting down on the
electric power consumption in the current beam injection system dominated by DC septum electromagnets.
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Abstract

RCS

A muon to electron conversion search experiment
(COMET) planned at J-PARC needs 8 GeV bunched proton
beams with a continuous 1 MHz pulse structure. In this
experiment, the beam intensity ratio of the background in
between to the main pulses, which is expressed as extinction, should be less than levels of 10−10 . In the beam test
in 2018, we have succeeded in the slow extraction of 8 GeV
proton beam with 7.3 × 1012 ppp, equivalent of the COMET
phase-I requirement, and the extinction derived from the
timing measurement for secondary particles from the target
showed a promising result. A mechanism to explain the
measured time structure of the extracted beam will be also
described in this paper.

INTRODUCTION

COMET (Coherent Muon to Electron Transition) experiment using 8 GeV primary proton beams is planned at JPARC. The COMET experiment searches a muon to electron
conversion process, which is a charged lepton flavor violating
(CLFV) process and forbidden in the Standard Model (SM)
of the elementary particle physics [1]. The discovery shows
a clear signal of the physics beyond the SM. COMET detects
a monochromatic 105 MeV electron from 𝜇− + 𝑁 → 𝑒− + 𝑁
,where 𝑁 is a nucleus. The electron is emitted with the time
delay due to the lifetime (∼ 1µsec.) of the muonic atom. The
primary proton beam has a 1 MHz pulsed structure. The
time window to detect the conversion electron is set after
the background events induced by the pulsed beam. In this
experiment, the beam intensity ratio of the background in
between to the main pulses, which is expressed as extinction,
should be less than levels of 10−10 .
A 1 MHz time structure of the 8 GeV beam for COMET
experiment can be obtained as followed [2]. The 3 GeV rapid
cycle synchrotron (RCS) has harmonics of 2 and accelerates
two beam bunches at 25 Hz in normal operation, however
one beam bunch for COMET experiment. The empty bucket
in RCS is made deflecting the beam by a chopper placed
between RFQ (radio frequency quadrupole linac) and DTL
(drift tube linac. MR can accelerate 8 bunches with harmonics of 9 (one of them is a gap for the extraction kickers). For
COMET experiment, one beam bunch from RCS is injected
four times every 40 msec. into MR and then accelerated
∗
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Figure 1: Beam transfer diagram from RCS to MR for
COMET.
from 3 to 8 GeV as shown in Fig. 1. The beam accelerated at 8 GeV is extracted slowly using the third integer
resonance keeping the bunch structure with 1 µsec. bunch
spacing. On the other hands, the debunched 30 GeV beams
are slow-extracted in normal operation. COMET is staged
into phase-I and II. The beam powers of phase-I and II are
3.2 and 56 kW, respectively. The residual beam intensity
rate in the empty buckets is typically 10−6 levels, which are
originated by imperfect deflection of the chopper. The residual beam worsens the extinction of the slow extracted beam.
To improve the extinction, the MR injection kicker timing
is shifted not so as to kick the residual beam as shown in
Fig. 2. The residual beam is lost by a large orbit mismatch.
A 8 GeV acceleration test and an extinction measurement using a monitor placed the abort beam line [3] were conducted
in 2014. In Jan. and Feb. 2018, the first slow extraction test
and extinction measurement using the slow-extracted beam
have been conducted. The obtained performances will be
reported in this paper. The mechanism to generate a behavior unknown in the measured time structure became clear
by the beam test in Feb. 2019.

8 GEV SLOW EXTRACTION TEST
The 1567.5 m long MR has a three-fold symmetry with
3 arc and 3 long straight sections [4]. Electrostatic septa
(ESS1 and ESS2) and magnetic septa (SMS1,2 and 3), bump
magnets and a slow collimator are placed in a dispersion free
long straight section for the slow extraction. ESS1 is placed
in adjacent two focusing quadrupole magnets with a largest
𝛽𝑥 function. The separatrix for the resonance at ESS1 is independent of the beam momentum by setting the horizontal
MC4: Hadron Accelerators
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Abstract
There are three bumps (one chicane bump and two
painting bumps) in the injection system of the China
Spallation Neutron Source (CSNS). They are the core
parts of the injection system and the important guarantee
that the Linac beam injecting into the rapid cycling
synchrotron (RCS). During the beam commissioning, to
check the effect of the residual orbits of the three bumps
in the injection region was an important problem. In this
paper, the residual orbits of BH and BV painting bumps
were studied and estimated in the beam commissioning.
The data analysis results showed that the residual orbits of
BH and BV painting bumps were very small and they
didn’t need to be corrected.

INTRODUCTION

The accelerator of the China Spallation Neutron Source
(CSNS) consists of an 80 MeV H- Linac which is
upgradable to 300 MeV and a 1.6 GeV rapid cycling
synchrotron (RCS) with a repetition rate of 25 Hz which
accumulates an 80 MeV injection beam, accelerates the
beam to the designed energy of 1.6 GeV and extracts the
high energy beam to the target [1][2]. The design goal of
beam power is 100 kW and capable of upgrading to 500
kW [3].

Figure 1: Layout of CSNS injection system.

In order to reduce the beam loss caused by the space
charge effects, the phase space painting in the position
was used in both horizontal and vertical planes for CSNS
[4][5]. Figure 1 shows the layout of CSNS injection
system. It can be found that there are three kinds of orbit
bumps: a horizontal chicane bump (four dipole magnets,
BC1-BC4) in the middle for an additional closed-orbit
___________________________________________
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shift of 60 mm; a horizontal bump (four dipole magnets,
BH1-BH4) used for painting in the horizontal plane; a
vertical bump (four dipole magnets, BV1-BV4) used for
painting in the vertical plane.
In the beam commissioning of CSNS [6], to check the
effect of the residual orbits of the three bumps in the
injection region was an important problem and should be
studied in detail. In our previous work [6], the residual
orbit of BC bump had been studied in detail. The methods
to measure and correct the residual orbit of BC bump had
been given and confirmed. In this paper, the residual
orbits of BH and BV painting bumps would be studied
and estimated. The estimating methods of the residual
orbits of BH and BV painting bumps would be applied to
the beam commissioning.

RESIDUAL ORBIT ESTIMATION OF BH
PAINTING BUMP
In order to reduce the beam loss caused by the space
charge effects, there are a horizontal bump and a vertical
bump used for transverse painting. According to the
physics design, the BH painting bump doesn’t divulge in
theory. However, if there is residual orbit of BH painting
bump in the actual operation, the horizontal orbit of the
RCS circular beam will be affected during the injection
process and the injection result of phase space painting
will be less effective. The residual orbit of BH painting
bump needs to be further studied and corrected.

Figure 2: Special current curves of BH and BV pulse
powers that are used for estimating the residual orbits of
BH and BV painting bumps. BH current curve is shown
in sub-figure (a) and BV current curve is shown in subfigure (b).
In actual measurement of the residual orbit of BH
painting bump, in order to reduce the orbit error due to
the beam loss, the BH and BV pulse powers should be on.
By comparing the horizontal positions of the circular
beam outside the injection region while the current value
of BH pulse power is zero and which is nonzero, the
information about the residual orbit of BH painting bump
can be obtained. In the experiment, special current curves
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Abstract

The injection beam loss is the main beam loss of the
rapid cycling synchrotron (RCS) for the China Spallation
Neutron Source (CSNS). After the optimization of
injection system during the beam commissioning, the
current injection beam loss for CSNS/RCS is
approximately 1%. There are several sources of injection
beam loss. In order to distinguish these different sources,
the stripping efficiency of the main stripping foil should
be studied and measured accurately. In this paper, a
scheme for the accurate measurement of the stripping
efficiency for CSNS will be proposed and studied. It can
not only reduce the injection beam loss, but also be used
to estimate the operation state and lifespan of the main
stripping foil accurately. This method will be applied in
future beam commissioning.

This is a preprint — the final version is published with IOP

INTRODUCTION
The China Spallation Neutron Source (CSNS) is a
multidisciplinary platform [1][2] and had completed the
national acceptance in August, 2018. Its accelerator
consists of an 80 MeV H- Linac which is upgradable to
300 MeV and a 1.6 GeV rapid cycling synchrotron (RCS)
with a repetition rate of 25 Hz which accumulates the
80 MeV injection beam, accelerates the beam to the
designed energy of 1.6 GeV and extracts the high energy
beam to the target. The design goal of beam power is
100 kW and capable of upgrading to 500 kW [3].
The injection system is the core component of CSNS
accelerator and the injection efficiency is an important
factor that determines whether the accelerator can operate
safely [4]. Figure 1 shows the physics design layout of
CSNS injection system. The injection beam loss is one of
the decisive factors that limit whether the RCS can
operate at high power. After the optimization of the
injection system during the beam commissioning, the
current injection beam loss is approximately 1%. Through
careful study and analysis, we were able to identify many
sources of injection beam loss: mismatch of the injection
parameters, choice of injection method, stripping foil
scattering, and non-stripped particle loss. During the
beam commissioning of CSNS, it is very important to
distinguish these different sources of injection beam loss.
Therefore, the stripping efficiency of the main stripping
foil should be studied and measured accurately [5][6].
___________________________________________
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Figure 1: Physics design layout of CSNS injection system.
When the H- beam traverses the carbon stripping foil,
the particles after foil stripping are H-, H0 and H+, as
shown in Fig. 2. The stripping efficiency of H+ is defined
as the ratio between the particle number of H+ after foil
stripping and that of H- before foil stripping.

Figure 2: Production of H-, H0 and H+ by foil stripping.
There are two carbon stripping foils in the injection
system of CSNS, including the main stripping foil and the
second stripping foil. The design stripping efficiency of
the main stripping foil is about 99.7% and that of the
second stripping foil is close to 100%. During the beam
commissioning, in order to study and reduce the nonstripped particle loss, the accurate stripping efficiency of
the main stripping foil should be measured. In this paper,
a method to measure the accurate stripping efficiency will
be proposed and studied.

INJECTION EFFICIENCY AND BEAM
LOSS DURING THE INJECTION
PROCESS
For the RCS, the injection process determines the initial
state of the cyclic beam and has an important influence on
the process of beam accumulation and acceleration. The
injection beam loss is one of the decisive factors that limit
whether the RCS can operate at high power. Therefore,
improving the injection efficiency and reducing the
WEPMP012
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SLOW EXTRACTION STUDY BY USING SEXTUPOLE
L. Huang*, S. Wang, Institute of High Energy Physics,CAS，Dongguan, China
3rd slow extraction, three extraction layouts of the typical
lattice are designed and the beam loss is studied.

Abstract
The spill continuously extracted from synchrotron by
using resonance sextupoles plays a key role in
multidisciplinary application. The intensity of virtual
sextupole and the spiral step for the typical synchrotron
are obtained theoretically. To study the beam loss, a
customized synchrotron with different extraction layouts
is designed and the tracking code of slow extraction is
developed. The result shows that the beam losses at
extraction point are different for three cases and it is
advantage to beam loss for extraction components placed
in dispersion-free straight section.

RESONANCE AND CHROMATICITY
TERM DRIVEN BY SEXTUPOLE
Sextupoles are used to resonance excitation and
chromaticity correction and the layout of extraction is
typically shown in Fig. 1. A pair of RSEXs (Sex 1 and
Sex 3) is usually planned symmetrically to slow
extraction and a pair of chromaticity sextupoles (Sex 2
and Sex 4) at symmetrically opposed position is generally
configured for all momenta to fulfill Hardt condition.

INTRODUCTION

Molecular biology, single particle effect in electric
components and cancer therapy using proton beam has
been highlighted because of relative biology effectiveness
and small beam diffraction. A proton synchrotron
complex has being constructed in the world [1] - [5]. The
proton synchrotron is to provide the proton beam with
smooth spill, reliability and simplicity of operation. The
beam generally continuous extracted by using three-order
slow extraction method with RF excitation, which
typically needs a resonance excitation sextupole (RSEX),
RF knock-out (RFKO), an Extraction Electrostatic
Septum (EES) and a Magnetic Septum (EMS).
In the synchrotron with extraction fraction tune of ±π/3,
one or two RSEXs and two chromaticity sextupoles are
typically designed [6]. A RSEX is placed in dispersionfree straight section or two RSEXs with anti-equal
intensity are placed in dispersion section at symmetrically
opposed positions so that they can be used without
affecting the chromaticity. Two chromaticity sextupoles
with equal intensity are placed in each arc symmetrically
so as to not affecting the resonance excitation. In fact, the
extraction fraction tune with small different from ±π/3,
resonance excitation and chromaticity are interactive. The
change of position of the particle over three revolutions is
defined as the spiral step. The phase space of beam is
distorted to a triangle and the amplitude increases spirally
when the RSEX operates. The triangles will be shifted
according to their momenta and the separatrices of
different momenta are not superimposed when EES is
placed in dispersion arc, thus the particles move outwards
along different trajectories and therefore reach EES with
different angles. The angle spread increases the beam loss
at extraction point (EP). The beam loss is a critical issue
in the period of extraction because it may lead to heat and
decrease the lifetime of ESS. For EP placed in dispersion
section, the extraction separatrices of different momenta
are configured and the beam loss can be optimized while
Hardt condition is fulfilled [7]. To study the beam loss of

Figure 1: The generally layout of sextupoles and EP in
synchrotron.
Assumed no couple, an equivalent virtual sextupole can
be found by evaluating the above driving term 𝑆 and
chromatic term 𝜉 in horizontal plane as

S  S1 cos(31 )  S2 cos(32 )  S3 cos(33 )  S4 cos(34 )，
(1)
l
 '  s [k11Dx1  k2 2 Dx 2  k3 3 Dx3  k4 4 Dx 4 ].
4
where, 𝑘 is intensity of the ith sextupole and the phase
advance from the ith sextupole to EP is 𝜇 , 𝑙 denotes the
effective length of sextupoles. 𝛽 and 𝐷 are betatron
function and dispersion function at the ith sextupole. The
normalized sextupole strength 𝑆
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with the position of EES, XEES, and the angle between
the separatrix and horizontal axis φ.
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Abstract
Hefei Advanced Light Source (HALS) is a diffractionlimited synchrotron radiation source proposed by the NSRL.
A comprehensive R&D program funded by the local government was initiated in the end of 2017. The program focuses
on the key technologies including the injection, magnets,
vacuum, mechanics, RF, etc. The formal construction of
HALS is estimated to begin in 2020.
This paper presents the R&D of the injection system, including the fast kicker, nanosecond pulser, NLK (non-linear
kicker) and the septum magnet. Test results of the prototype fast kicker, pulsed power and the NLK are given and
discussed.

INTRODUCTION
Hefei Advanced Light Source (HALS) is a newly designed
diffraction-limited synchrotron radiation source with an energy of 2.4 GeV, a circumference of 672 meters and a natural
emittance of about 23 pm [1]. The latest lattice design of
the storage ring uses 32-7BA structure and employs a full
energy Linac as the injector.
Injection into storage ring is a critical issue for HALS
with such a low emmitance. Because of the small dynamic
aperture of the storage ring, traditional off-axis local bump
method cannot be used. Several new schemes have been
proposed and investigated by some laboratories, including
the on-axis swap-out [2], on-axis longitudinal accumulation
[3] and off-axis single multipole kicker injection [4].
For the HALS, the injection scheme is not finally determined. Both on-axis injection and off-axis pulsed multipole
kicker injection are considered.
A strip-line kicker with ultra-short pulse driven was designed based on the requirements of on-axis longitudinal
injection with 100 MHz RF acceleration. Prototype kicker
has been assembled and tested.
In the recent research, an off-momentum, off-axis injection scheme is also proposed and under investigation. In this
scheme two multipole kickers are employed. And kicker
required to have 300 Gauss field strength at 3 mm offset
from the center. The NLK is a good choice for this design.
The Ferrite NLK is our original design and first presented
in IPAC 2017. Based on the initial design, we improve mechanical structure, shielding arcs and increase the strength
of the magnetic field.
The R&D also includes the nano-second pulser and septum magnet. Both of them are under developing.
∗
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This paper presents the test results of the prototype kicker
and the NLK. The design of the ultrafast pulser and septum
magnet are also discussed.

STRIP LINE KICKER
On-axis longitudinal injection requires ultrafast kicker. A
prototype strip-line kicker has been fabricated. The kicker
uses two D type blades of 400 mm long. It works in differential mode with positive and negative pulses inputting from
the downstream feedthroughs.
The geometry of blades and outer shell of the kicker follows the APS-U style and were optimized to suit our specifications. Both cavity body and blades are made of 316L. The
body cavity was firstly divided into two halves along the longitudinal direction. Then each half is machined separately
and welded together. For each half, the tapered transition
part and uniform part are machined as a whole by CNC.
This is quite different from the other’s method in which the
transition and the main part are machined separately and
then brazed together in a high-vacuum furnace [5].
Figure 1 shows the kicker after assembling. TDR and Sparameters were measured by a network analyzer as shown
in Figure 2. Detailed design and test results can be found in
[6].

Figure 1: prototype stripline kicker

Figure 2: The kicker is under test
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THE DESIGN AND PRELIMINARY TEST OF A STRIPLINE KICKER
FOR HALS∗
W. Liu, L.Shang† , F.L.Shang, W.B. Song, Z.B.Sun
NSRL, University of Science and Technology of China, Hefei, China

Abstract

INTRODUCTION

Hefei Advanced Light Source (HALS) aims to be a
diffraction-limited storage ring (DLSR). On-axis injection
is a feasible scheme. As the crucial component, the R&D
of stripline kicker is very important. Length, geometrical
structure of cross section and transition part are crucial in
kicker physical design. They directly affect the transmission
of high-voltage pulse, integrate field and perturbation to adjacent stored bunches. We can estimate simulation results by
referring to transmission parameters, differential/common
mode impedance and TDR.

DESIGN METHOD

The maximum length of a stripline module Lmod depends
on operating mode and the shape of pulse [2]. One optional
operation mode of HALS is 100 MHz RF system with a
bunch separation of Tg = 10 ns. Here we consider a trapezoidal pulse signal as shown in Fig. 1. The total width of the
pulse is T = Tr +top +T f .

T < Tg − 2Tp

(1)

The propagation time of pulse signal on electrode is Tp =
Lmod /c.The maximum length for stripline electrodes in each
module is given by Eq.2.
Lmod ≤ (

Tg Tr
− )c
4
2

(2)

To reach this conclusion, the following point need to be
considered. The direction of pulse propagation on electrode
is opposite to that of beam motion, so the deflecting force is
twice the electric force. Otherwise, the deflecting force of
electric and magnetic components will cancel each other. We
chose FPG 20 Pulse Generator from Germany FID Company.
Table1 summarizes the relevant machine parameters and
kicker requirements.
Table 1: The Relevant Parameters
Parameter
Beam energy(E)
Bend Angle(Θ)
Total Kicker Length
Stripline Length(Lmod )
Tg
Voltage(V)
Tr
Ttop
Tf

Value
2.4GeV
3.5mrad
1.2m
0.4m
10ns
±17.5kV
<0.7ns
1∼1.2ns
<1.5ns

Stripline kicker consists of two electrodes and a vacuum
chamber, operating in differential mode. Two pulses with opposite polarity and equal amplitude from generator are input
to the downstream ports of electrodes through connection
cables and feedthrough simultaneously, and the upstream
port of electrodes are terminated by 50 Ohm load, which
can absorb pulse to prevent reflection [3].

Figure 1: Simplified input pulse profile.

In on-axis longitudinal accumulation injection scheme,
deflection field should be completely transparent to the circulating bunches adjacent to injected bunch, so the profile
of pulse should satisfy Eq. (1).
∗
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Figure 2: Overall structure of kicker.
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Stripline kicker is an important component of both on-axis
longitudinal accumulation [1] and on-axis swap out injection schemes in HALS(Hefei Advanced Light Source). After
more than one year of R&D, construction of the first prototype is completed. The kicker performance is simulated by
CST. The results show that in the range of 0∼1 GHz, on differential mode, S11 is less than - 20 dB. In order to facilitate
installation, the extension part and PTEF bracket were designed. The assembly of kicker and commercial feedthrough
has been tested with pulse generator and network analyzer.
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NEW NONLINEAR KICKER DESIGN AND MEASUREMENT∗
W.B. Song, L. Shang† , W. Liu, Z.B. Sun, F.L. Shang, Y.M. Lu
National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei, China

Abstract
For the beam injection of Hefei Advanced Light Source
(HALS), a practicable injection scheme is proposed and a
single-pulse nonlinear kicker is designed for off-axis injection. The design of kicker has been improved on the basis of
the previous one. The structure of the kicker was calculated
by OPERA, and the prototype has been processed and measured. The results illustrated that the kicker designed in this
paper has less influence on stored beam and less difficulty
in installation.

According to the different designs of kickers, the distance
to reach maximum field strength is also different. Figure 1
shows how the strength of the nonlinear magnet field changes
with position. We proposed the first design of this ferrite
NLK on IPAC2017 [8]. In this paper, we have improved the
kicker’s structure based on this, simultaneously, a prototype
of the kicker has also been manufactured and tested.

INTRODUCTION

HALS is a fourth-generation diffraction-limited storage
ring with high brightness and good lateral coherence. It is
working in the VUV and soft X-ray region, and becomes one
of the development direction of NSRL researches at present
[1]. The latest version of HALS has a 7BA lattice and an energy of 2.4 GeV. Meanwhile, many high-performance inserts
can also be installed at the drift space. Main parameters of
HALS are listed in Table 1 [2].
Table 1: Main Parameters of HALS
2.4
672
32
23.0
78.304,29.382
-109,-126
4.5e-5
32.7/49.4/33.2
5.1

Due to the small dynamic aperture of HALS, we proposed
two methods to achieve the beam injection: on-axis swap out
injection [3] and off-axis single kicker injection. At present,
both injection schemes are taken into account. The latter
method is similar to the pulse multipole injection [4, 5] but
the magnet is replaced by a pulsed nonlinear kicker(NLK)
[6, 7]. There is a zero magnetic field flat in the center of
the kicker, which can reduce the oscillation of stored beam
significantly during beam injection, and the area with strong
magnetic field can deflect the injected beam. The magnetic
field of NLK varies with position, which means that the
magnetic field at the center is almost zero, extending and
increasing outwards on both sides of the symmetrical center.
∗
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Figure 1: The layout of single pulse nonlinear kicker injection (the injected beam is deflected by the septum magnet
into the NLK) and a diagram of magnetic field distribution
in NLK.

STRUCTURAL DESIGN OF THE KICKER
The magnet consists of two C-type ferrite cores (the blue
part of Fig. 3), vertical shielding plates (the green part on the
top and bottom of Fig. 3), horizontal bending shields (the
green part in the middle of Fig. 3), and current plates (the
red part of Fig. 3). The 0.5 mm thickness vertical shielding
plates inserted between the two cores can prevent the flow
of magnetic lines caused by the plates. The pulsed magnetic
field can be generated by the pulsed current with same size
and direction through the current plates. In addition, the
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Beam energy (GeV)
Circumference (m)
Number of lattice periods
Natural emittance (pm⋅rad)
Tune (𝜈x /𝜈y )
Natural chromaticities
Momentum compaction factor
Damping time (𝜏𝑥 /𝜏𝑦 /𝜏𝑧 , 𝑚𝑠)
Length of long straights (m)
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A NOVEL NON-LINEAR STRIP-LINE KICKER DRIVEN BY FAST PULSER
IN COMMON MODE*
J. Chen†1, L. Wang, Y. Li, H. Shi, Z. Duan, N. Wang, L. Huo, G. Wang,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
1
also at University of Chinese Academy of Sciences, CAS, Beijing 100049, China
Abstract
The next generation storage ring-based light sources
adopt multi-bend achromat lattices to achieve a low
emittance. The dynamic apertures of these machines are
usually less than 10 mm so that the traditional pulsed local
bump injection is difficult to achieve. Off-axis injection
with a pulsed multipole or a non-linear kicker could be a
viable solution which requires a moderate dynamic
aperture of a few mm. In this paper, a novel non-linear
kicker design is presented. Unlike pulsed sextupole or
nonlinear kicker magnet, the nonlinear kicker we proposed
is a traveling wave kicker with 2 strip-line electrodes
driven by a nanosecond-level fast pulser in common mode.
The disturbance to the stored beam is minimal since the
perturbation is limited to the target bunch alone.

INTRODUCTION

This is a preprint — the final version is published with IOP

The next generation storage ring-based light sources
adopt multi-bend achromat (MBA) lattice to achieve ultralow beam emittances and a much higher brightness
compared to third generation light sources. These lattice
utilize very strong focusing to reach an ultra-low
emittance, and thus it becomes very challenging to realize
a reasonable beam lifetime in addition to a large enough
dynamic aperture for conventional pulsed bump injection
schemes.

aperture. As shown in Fig.1, in these pulsed multipole
kickers, the injected beam is deflected in the strong field
region, and the stored beam pass through the no field
region (the center of magnet), and both beams are located
at one side of the septum plate at the injection point.
Actually, these devices can be seen as special pulsed
septum without a plate, while have both the features of
septum and kicker.

Figure 2: Perfect separating field.
General speaking, a perfect separating field is a step field
with a flat top region and a flat bottom region, as shown in
Fig.2. However, the practical field inevitably has a smooth
field gradient and will disturb both the injected beam and
stored beam. Note that more concern is on the stored beam
since the users prefer more transparent injection. However,
the perfect zero field with zero gradient at the center of
magnet is hard to achieve since a high field is desired to
deflect the injected beam. Typical distance of peak field
from magnet center is 10mm so far [3,4], then it is very
different to place the injected beam onto the plateau for a
small dynamic aperture lattice design, a very small
emittance injected beam is thus favoured if it has to be put
on the slope of the field distribution.

A TRANSMISSION-LINE NLK

Figure 1: Field distribute of pulsed multipole and NLK
(purple: quadrupole, green: sextupole, red: octupole, blue:
non-linear).
Originally proposed to reduce the injection transient
oscillations, off-axis injection using pulsed multipole
kicker magnets(or nonlinear kicker magnet)[1,2,3] is now
regarded as a promising injection scheme which could
somehow reduce the requirements on the dynamic

In theory, a separating field can be built by field vector
cancellation. One solution is to apply symmetrical exciting
current, as shown in Fig.3. The Nonlinear Kicker (NLK)
proposed by BESSY is an 8-rod magnet with 4 positive
current rods in inner area and another 4 negative current
rods in outer area, which is shown in Fig.3-(f). Actually, it
can be abstracted into coaxial structure, seen in Fig.3-(g).
A coaxial transmission line kicker can be driven by a single
fast pulser. Obviously, in the inner conductor of coaxial
structure, field is zero.

*Work support by NSFC(11475200 and 11675194).
†
chenjh@ihep.ac.cn
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PHYSICAL DESIGN OF HEPS LOW ENERGY TRANSPORT LINE*
Y.M. Peng†, C. Meng, H.S. Xu, Key Laboratory of Particle Acceleration Physics and Technology，
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
The High Energy Photon Source (HEPS), a kilometrescale storage ring based light source, with emittance less
than 60 pm.rad, will be constructed in Beijing, China. It
consists of a 500 MeV linac, a 500 MeV low energy
transport line, a full energy booster synchrotron, two 6GeV transport lines, a 6 GeV ultra-low emittance storage
ring, and the beam line experimental stations. The low energy transport line connecting the linac and the booster.
Based on the construction layout restrictions, the beam envelopes of the linac and the booster should be matched, and
the beam produced by the linac is high efficiently transmitted to the booster injection point. HEPS low energy
transport line has three functional sections, the achromat
injection matching section, the optics matching section and
the output matching section. In order to correct the error
effects on the beam, 8 BPM are set in the low energy
transport line. There are also 6 horizontal correctors and
6vertical correctors for beam trajectory correction. This paper will show the detailed design of HEPS low energy
transport line.

INTRODUCTION
HEPS is an ultra-low emittance synchrotron light source
will be constructed in Beijing, China. The circumference
of storage ring is about 1.36 km [1-3]. For getting low emittance and enough dynamic aperture, many advanced accelerator technologies and methods are adopted in HEPS
storage ring lattice design, contains: hybrid-MBA cell
[4, 5] which first proposed by ESRF, longitudinal gradient
dipoles [6, 7], combined function dipoles , anti-bend dipoles [8] and so on.
HEPS injector consists of a 500MeV linac with a thermionic gun, a 500 MeV low energy transport line (LB), a
full energy booster which ramping the beam energy from
500 MeV to 6 GeV and 2 high energy transport lines for “
high energy accumulation”scheme [9]. The layout of
HEPS injector is shown as Fig. 1.
LB is a transport line connecting the linac and the
booster. Besides the construction layout restrictions, the
beam envelopes of the linac and the booster should be
matched, and the beam produced by the linac is high efficiently transmitted to the booster injection point. So the LB
design should match the booster low energy injection system, it also should adjustment the optics flexibly.
In this paper, first is the introduction of the booster low
energy injection system design scheme, then present the
LB lattice design scheme, and the error effect study of LB
is shown in the last.
___________________________________________

* Work supported by National Natural Science Foundation of China (No.
11805217, 11705214)
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Figure 1: Layout of HEPS injector.

DESIGN OF LB TRANSPORT LINE
LB is the low energy transport line of HEPS connecting
the linac and the booster. In the survey design, HEPS linac
is parallel to the long straight section of booster. The main
function of LB transport line is to transport the 500- MeV
electron beam from the linac to the booster with high efficiency. Its design need considerate the beam transportation,
beam parameters measurement, energy control, optical
matching, on-axis booster injection and tuning flexibility.
The optics parameters at the linac exit point and booster
injection point are presented in Table 1. The dispersion is
free both at the linac exit point and booster injection point.
Table 1: Beam Parameters at the Linac Exit Point and
Booster Injection Point.
Parameters
Linac end
Injection point
7.90
6.18
x(m)
-0.74
0
x
7.86
18.97
y(m)
-1.01
0
y
For keep the linac and the booster nearly on a plane, the
low energy injection of HEPS booster adopt vertical injection scheme. The low energy injection system consists of a
0.8 m kicker bending the beam to right 9.1 mrad vertically
and a 0.5 m Lambertson septum for bending the beam to
left 200mrad horizontally. The layout of low energy injection system is presented in Fig. 2.
WEPMP019
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FIRST BEAM TRANSMISSION MEASUREMENTS IN ION SOURCE AND
LEBT AT THE EUROPEAN SPALLATION SOURCE
E. Laface†
European Spallation Source ERIC, Lund, Sweden
Abstract

INTRODUCTION
The ESS Ion Source (ISrc) and the Low Energy Beam
Transport (LEBT) section of the ESS Proton Linac was
delivered to the facility of Lund, from the INFN-LNS, at the
end of 2017 [2]. The mounting, connection and powering
phases, including the work in the Front-end Building for
the infrastructure of water, computer racks, cabling, etc.,
required nine months. On September 19th 2018, we were
able to extract the ﬁrst beam from the Ion Source.
A ﬁrst important characterization of the beam quality is
the transport of it from the source till the end of the installed
structure. The source is Microwave Discharge Ion Source
with a Magnetron that produces RF microwaves at 2.45 GHz
to generate plasma from the Hydrogen (H2 ) gas. The plasma
is conﬁned using three coils and the protons are extracted
through a high voltage extractor at 75 kV. The following section is the LEBT with a pair of combined magnets composed
by a solenoid plus two correctors, one for the horizontal
plane and one for the vertical plane. The solenoids are used
for the beam focusing while the steerers for the trajectory
corrections. Between the two solenoids there are devices for
the beam shaping: an Iris for the transversal scraping and a
Chopper that will cut-oﬀ the longitudinal tails. Both devices
are in the hardware commissioning phase and not used for
the purpose of this paper.

MEASUREMENTS ON SEPTEMBER 2018
On September 2018 the Ion Source was turned on and
we had some weeks for measurements of the beam quality.
The mechanical assembly used for the transmission measurements is shown in Fig. 1. The proton beam was extracted
from the Ion Source and transported through the LEBT up
to the Commissioning tank, where the beam was collected
by a Faraday Cup. The optics of the section is represented
†

emanuele.laface@esss.se
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Figure 1: ESS Ion Source and LEBT Layout - September
2018.
by two Solenoids (Solenoid 1 and Solenoid 2) adjusted for
the optimal transport.
The current measurements were performed using three
devices: two Beam Current Monitors (BCM) and one Faraday Cup (FC). The ﬁrst BCM is located within the source
and is not on the beam line (it is before the extractor). This
BCM measures the discharge current in the High Voltage
Power Supply that was calibrated against the particle beams
extracted from the Ion Source as explained in [3]. The second BCM is a toroid located around the beam pipe after the
second solenoid. The FC was collecting the beam at the end
of the LEBT, in the Commissioning tank. A full description
of the beam instrumentation in the Ion Source and LEBT is
in [4].
With this experimental conﬁguration, we were able to
extract an ion beam from the source and transport it along
the LEBT in the three beam current measurement devices.
The setup of the source was established as in INFN-LNS with
little tuning, proving that the source was well reproducible
even after the disassembling, transport and reassembling.
The extracted beam is visible in Fig. 2.
80

2018-09-28 14:03:48.267762 ISrc to LEBT: 85.89%; LEBT to FC: 100%
ISrc BCM
LEBT BCM
FC
ISrc to LEBT losses
LEBT to FC losses
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The Ion Source and the Low Energy Beam Transport
(LEBT) have been installed in the European Spallation
Source tunnel, in Lund, Sweden, during the summer 2018.
The ﬁrst proton beam was extracted on September. In this paper we present the ﬁrst set of measurements of protons transmission in combination with the analysis of the species (H + ,
H2+ , H3+ ) extracted by the source. We show that our measurements are compatible with a fraction of 80% of protons
transported along the LEBT, as measured at the INFN-LNS,
Catania, Italy during the commissioning in 2016-17 [1].
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Figure 2: Beam Transmission Measurements - September
2018.
A 75 mA beam was extracted by the Ion Source and a
beam of 64 mA was measured in both LEBT BCM and
FC. The pulse length was 5 ms in total and the trigger was
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FREQUENCY MODULATED CAPTURE OF COOLED COASTING ION
BEAMS
S. Albright, M. E. Angoletta, CERN, Geneva, Switzerland

Abstract

Transverse space charge eﬀects in the Low Energy Ion
Ring (LEIR) at CERN have been shown to be a major source
of particle losses, which can be mitigated with a larger RMS
longitudinal emittance. However, due to electron cooling
during the injection plateau, the longitudinal density is very
high prior to RF capture. In addition there is an uncontrolled
cycle to cycle variation in the revolution frequency of the
coasting beam on the ﬂat bottom, which degrades the beam
quality at capture. In this paper we show that applying an RF
frequency modulation during the capture process allows both
a controlled blow-up of the longitudinal emittance and a very
good reproducibility in the longitudinal distribution, which
in turn improves beam transmission through the machine.

INTRODUCTION

The Low Energy Ion Ring (LEIR) is the ﬁrst synchrotron
in the ion injection chain for the Large Hadron Collider
(LHC). The high intensity LEIR cycle has a long ﬂat bottom
with sequential injections from Linac3, after each injection
the new beam is electron cooled and added to the stack prior
to the next injection. Low intensity beams with a single
injection are also used, but they are not discussed in this
paper. The cooled coasting beam is captured adiabatically
in harmonic h = 2, with h = 4 in bunch lengthening mode,
prior to acceleration.
At present there is a variation on the revolution frequency
of the stacked beam from cycle to cycle, which appears to
be partly due to the electron cooling. As the RF frequency
used for capture is the same cycle to cycle, but the beam
revolution frequency is not, the phase space distribution of
the captured beam becomes non-reproducible.
Losses shortly after capture and during the early part of acceleration have been shown to be partly caused by transverse
space charge eﬀects [1]. Larger longitudinal emittances
reduce the transverse space charge eﬀects, and therefore
minimise the losses. An intentional oﬀset between the revolution frequency and RF frequency has previously been used
to achieve this, however it suﬀers from poor reproducibility.
A reproducible method of increasing the captured emittance
is desirable to allow more reliable high intensity beams to
be produced.



f r f = h f r ev + Δ f (t) ,

(1)

where Δ f (t) is a time dependent oﬀset used to modulate the
RF frequency. Δ f (t) given by


Δ f = A(t) × sin
2π f mod (t)dt ,
(2)
where A(t) is a time dependent amplitude function used to
decrease the amplitude as the voltage increases and f mod (t)
is a time dependent frequency function used to follow the
changing synchrotron frequency during capture. Rather than
A(t) being a linear function it is preferable to maintain high
amplitude whilst at low voltage and then ramp down quickly
towards the end of capture. It has been found empirically
that a good result is given by


A(t) = Ama x × 1 − e R(t )−R 0 ,
(3)
where Ama x is the maximum modulation amplitude, and
R(t) is a linear function in the range [0, R0 ]. Figure 1
shows the capture voltage in red, and a Δ f with f mod =
[50, 675] Hz, Ama x = 625 Hz, and R0 = 10 in blue. Combining frequency modulation with a voltage ramp means
particles are captured by the bucket as it passes through the
coasting beam and distributed uniformly within, giving a
reproducible almost waterbag distribution.

FREQUENCY MODULATION

The electron cooling has two signiﬁcant consequences
in LEIR. First, the strong cooling required to compensate
transverse eﬀects and maximise transmission leads to longitudinal phase space density that is too high for optimum
transmission after RF capture. Second, through interactions
between the beam and the e-cooler the revolution frequency

WEPMP021
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of the coasting beam has slight variability from shot to shot,
which impacts the reproducibility of capture.
By applying frequency modulation to the RF during capture both of these eﬀects can be mitigated, whilst maintaining
strong cooling on the ﬂat bottom. Without a modulation the
RF frequency during capture is set to f r f = h f r ev , where
h is the harmonic number and f r ev is the design revolution
frequency. To apply the modulation this is modiﬁed to

Figure 1: An example of the Δ f (blue) and adiabatic voltage
function (red) used to capture the beam with modulated RF
frequency, with a revolution frequency of 0.35 MHz.
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DESIGN AND CONSTRUCTION OF THE CERN SPS EXTRACTION
PROTECTION ELEMENTS FOR LIU
B. Balhan∗ ,C. Baud, J. Borburgh, M.A. Fraser, M. Hourican, L.O. Jorat, F-X. Nuiry, S. Pianese,
CERN, Geneva, Switzerland
Abstract
At CERN, the SPS synchrotron is equipped with two
fast extraction channels towards the LHC. As a part of the
LHC injector upgrade project (LIU), the protection devices upstream of the septa in both extraction channels will
be upgraded. Various failure scenarios have been studied
and presented in the past, but the definitive approach for the
equipment protection upgrade for each channel has now been
determined. This paper describes the consequences of the
most significant failure scenarios and the impact of the heat
deposition in the diluter. The resulting material stresses are
evaluated. The detailed layout for the extraction protection
equipment for each extraction channel is outlined. The final
layout consists of a extended diluter in Long Straight Section
(LSS) 6 (TPSG6) and the installation of an additional movable absorber (TPSC4) upstream of the quadrupole in front
of the existing protection equipment in LSS 4. The detailed
mechanical design of the TPSC4 and the construction status
of both TPSC4 and TPSG6 are discussed.

of 20 bar pressure rise in the MST septa cooling channel,
50 bar pressure rise in the MSE cooling water channels,
corresponding to a 4 and 6 ◦ C temperature rise in the MST
and MSE cooling water respectively. The copper conductor
temperature should remain below 100 ◦ C.
Up to the Long Shutdown 2 (LS2, 2019 - 2020) both the
extraction protection devices in LSS4 and 6 made use of
state-of-the-art 2D Carbon Reinforced Carbon (CfC). The
absorbing sandwiches [3] have a total length of 3.1 m for the
TPSG4 (extraction towards the CCW LHC beam) and 3.5 m
for the TPSG6 (extraction towards the CW LHC beam). The
new beam conditions require upgrades to both extraction
protection systems, i.e. a new complementary unit TPSC4
(see Fig. 1) in LSS4 and an additional unit TPSG6 in LSS6.

INTRODUCTION
At CERN, the SPS synchrotron is equipped with two fast
extraction channels towards the LHC. The extraction septa
(MST and MSE) are protected from accidental beam impact
by extraction protection devices. The existing protection
devices (TPSGs) are designed to dilute the beam such that
the energy deposition and subsequent temperature rise in the
conductors of the downstream septa remain below tolerable
thresholds in the unlikely event that the beam is mis-steered.
The existing devices were designed to protect the downstream septa from the direct impact of the full LHC ultimate
intensity (a single shot) without sustaining irreversible damage. These requirements remain the same for the upgrade.
The intensity and brightness of the beam however is to be
significantly increased in accordance with the LHC Injector
Upgrade (LIU) beam parameters.The relevant beam parameters for the specification of the LIU-TPSG devices are shown
in Table 1. Not only will the bunch intensity increase but
also the transverse emittance will decrease significantly.
The protection requirements for each TPSG are based
upon the assumption that the coil can withstand the same
dynamic pressure as the pressure at which the coils are statically tested during construction. The maximum permissible
copper temperature rise is determined by the space available in the yoke for the adiabatic thermal expansion after
beam impact. Finally the maximum water temperature rise
in the cooling channels is determined from the permissible
pressure rise using the ELSE code [1, 2]. This yields limits
∗
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Figure 1: General assembly of the TPSC4 showing displacement system, adjustable supports, and pumping equipment.

LIU FAILURE CASES
The failure scenarios considered for the LIU project [4]
cover mis-steering of the beam by the extraction bumpers and
kickers onto the TPSG. The extraction bumpers could also
potentially steer the circulating beam directly on the TPSG
but the current of these devices are interlocked to eliminate
this risk and protected by BLMs. Once the pulse forming
network (PFN) of the extraction kicker is fully charged, in
the case of an asynchronous trigger, or if the thyratron switch
turns-on erratically without being triggered, the beam may
be swept across the TPSG and into the extraction channel
where it will be dumped on the LHC injection dump. In
the event of an asynchronous turn-on occurring whilst the
PFN is charging a new system is foreseen to detect the event
and to trigger a second thyratron to reduce the magnitude of
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ALTERNATIVE MATERIAL CHOICES TO REDUCE ACTIVATION OF
EXTRACTION EQUIPMENT
D. Björkman, B. Balhan, J. Borburgh, L.S. Esposito, M.A. Fraser,
B. Goddard, L.S. Stoel, H. Vincke, CERN, Geneva, Switzerland
Abstract
At CERN, the Super Proton Synchrotron (SPS) is
equipped with a resonant slow extraction system in Long
Straight Section 2 (LSS2) towards the ﬁxed target (FT) beam
lines in the North Area. The extraction region provides the
physics experiments with a quasi-DC ﬂux of high-energy
protons over a few seconds, which corresponds to tens of
thousands of turns. The resonant slow extraction process
provokes beam losses and is therefore the origin of radiation damage and the production of induced radioactivity
in this region of the machine. This induced radioactivity
imposed high constraints on the equipment design to be
reliable to minimise the radiation exposure to personnel during machine maintenance. A detailed FLUKA model was
developed in order to better understand the beam loss patterns, activation of the machine and to identify equipment
components that could be optimised to reduce the residual
dose related hazards. Simulations identiﬁed multiple alternative materials for extraction equipment components as well
as shielding locations, which implementation could reduce
residual activation hazards.

INTRODUCTION
The SPS is currently providing the North Area ﬁxed
target experiments with protons and heavy ions by the
third-integer slow extraction process. The circulating beam
is extracted by exciting the beam particles in the horizontal
plane by moving the machine tune toward the third-integer
resonance. The tune sweeps over the chromatic tune spread
of the circulating beam until all particles, from lowest to
highest momentum, have migrated across the electrostatic
septa (ZS) into the high-ﬁeld region of the extraction
channel. This process provokes beam losses at locations
where the beam aperture is restricted from the septa that
separates the circulating beam aperture to the electric- or
magnetic ﬁeld regions of the extraction channel. These
beam losses jeopardise machine availability as they are the
origin of both radiation damage and induced radioactivity
of the machine. Demand for even higher beam intensities to
the proposed SHiP [1] experiment motivates all eﬀorts of
the multidisciplinary SPS Losses and Activation Working
Group (SLAWG) [2, 3] at CERN to reduce losses and
activation in the machine for a safer working environment
for intervening personnel.
The SPS extraction channel (Fig. 1) spans three periods
between quadrupoles 216 and 219, which stretches approximately 100 meters. It includes ﬁve consecutive electrostatic
septa ZS, a subsequent extraction protection element TPST
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upstream of three thin magnetic MST septa, followed by 5
thick magnetic MSE septa.

Figure 1: Horizontal view of LSS2 extraction region rendered in FLAIR [10]. The image is showing the horizontal
aperture, relevant extraction equipment and the paths of the
circulating and extracted beams.
The extraction beam line will be the most radioactive
accessible part of the SPS machine as of 2021 when its
synchrotron beam dump system is upgraded for HL-LHC
era [4]. Figure 2 shows the residual ambient dose equivalent rate proﬁle of the extraction region measured 30 h after
beam stop 1 metre from beam axis at the end of the 2018
proton run. The measured dose rate proﬁle highlights that
the most critical elements for residual activation hazard of
the extraction beamline are the ZS tanks, the TPST, the MST
tanks and the area just upstream of quad 218.

Figure 2: Residual dose rate proﬁle of LSS2 measured at 1
meter distance from beam axis 30 hours after beam stop on
November 13th, 2018.

FLUKA MODEL
The newly developed LSS2 FLUKA model [5–9] has been
used to evaluate alternative materials and shielding locations
of the extraction equipment, while taking into account both
the spatial complexity of the extraction beamline and the speciﬁc radiation ﬁelds produced during and after the extraction
process.
Each primary proton of the FLUKA source term is sampled from a MAD-X tracking distribution, which considers
the last four turns of any primary particle being extracted,
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MATCHING STUDIES BETWEEN CERN PSB AND PS THROUGH
MULTI-TURN BEAM PROFILE ACQUISITIONS
M.A. Fraser∗ , Y. Dutheil, V. Forte, A. Guerrero, A. Huschauer, A. Oeftiger, S. Ogur, F. Roncarolo,
E. Senes, F. Tecker, CERN, Geneva, Switzerland
Abstract
In the framework of the LHC Injectors Upgrade (LIU)
project, the investigation and quantification of the optics
mismatch between the CERN Proton Synchrotron Booster
(PSB) and PS is a crucial step in understanding the source
of horizontal emittance growth between the two machines.
Extensive studies were carried out to estimate the mismatch
from single-pass measurements in the transfer line and to rematch the transfer line to reduce the dispersive mismatch at
PS injection while keeping the betatron matching unaltered.
This paper presents the results of the data analysis of more
recent multi-turn measurements, which profited from a new
turn-by-turn beam profile monitor in the PS ring, to assess
the achieved level of matching and corresponding emittance
growth. The results confirm the improved matching and
demonstrate the feasibility of the multi-turn technique as a
fundamental tool that will be important for the recommissioning of the renovated transfer line after Long Shutdown 2.

INTRODUCTION
In addition to the increased PS injection energy from 1.4
to 2 GeV, the baseline beam parameters [1] foreseen by the
LIU project require a larger longitudinal emittance at transfer from the PSB to reduce the effects of space charge as
the beam brightness is increased. The increased momentum spread will exacerbate the existing dispersion mismatch
already suspected as driving horizontal emittance growth
at injection [2] on today’s operational (OP) BCMS (Bunch
Compression, Merging and Splitting) LHC beam [3]. In
mitigation, the injection transfer line is undergoing upgrade
to largely remove the mismatch in the horizontal dispersion. Nevertheless, studies have hastened to understand the
discrepancy between the predicted and measured horizontal emittance growth on the OP beam, discussed at length
elsewhere in these preceedings [4]. In short, the expected
emittance growth from dispersion mismatch of the beam
envelope is ∼ 15% for an rms, normalised emittance of
1 mm mrad delivered from the PSB, however, measurements
with the wire scanners in the PSB and PS have indicated
much larger values closer to 50% in operation.
Until recently it was not possible to observe the fast, turnby-turn beating of the beam size during the filamentation
process immediately after injection. This made it difficult to
unambiguously identify and quantify the emittance blow-up
from dispersion and betatronic mismatch. For the purposes
of the matching studies, a rematched transfer line optics, referred to hereafter as ReM, with an improved dispersion and
betatronic matching, was implemented and tested using Ring
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3 of the PSB only. The details of the prerequisite transfer
line matching studies can be found summarised in [2]. The
present work does not yet address intensity dependent effects or any additional emittance growth due to space charge.
The work presented in this paper echoes many of the studies carried out almost 20 years ago in preparation for LHC
commissioning [5, 6].

MEASUREMENT PROCEDURE
The PS machine was set-up with the newly deployed and
operational LIU BCMS cycle employing low chromaticity
to combat the increased chromatic tune spread from the future larger longitudinal emittance [7]. Linear coupling is
corrected using the available skew quadrupoles requiring
the transverse feedback (TFB) system to stabilise the beam
against head-tail instabilities on the injection plateau. The
tunes were set-up to (Q x = 6.21, Q y = 6.24) and the injection oscillations kept below ±0.5 mm with the TFB on.
The PS RF system was switched off to ensure the phase
loop played no role after injection. The turn-by-turn profiles
were acquired on a wire grid (BSG) directly intercepting the
beam and located in straight section 52. The grid, equipped
with a new fast readout system, has 30 wires in each plane
with a pitch of 1 mm on the inner 12 wires and 2.5 mm
on the remaining outer wires. An important aspect of the
procedure was to ensure that the wires on the grid were
not damaged by the beam circulating in the machine. The
number of turns that a given beam could safely circulate
after injection was specified in terms of its brightness and
intensity [8], which conservatively limited the BCMS beam
from a single ring and with an intensity ranging from approximately 50 − 90 × 1010 protons to ∼ 30 turns. After the
permitted number of turns multiple and redundant kicker
systems were programmed to reliably destroy the circulating
beam by pushing it onto the machine’s aperture [9].

Beam Profile Analysis
The turn-by-turn readout of the wire grid was fitted with
a 5-parameter Gaussian fit function including a linear baseline correction to extract the average beam size and position.
The beam size n turns after injection can be written as the
quadratic sum of independent and Gaussian betatronic and
dispersive contributions in the presence of injection mismatch as shown in Eq. (1), see [5], where qx is the horizontal
fractional tune, ϵx is the injected horizontal rms geometric
emittance, σp /p is the rms momentum spread in the beam
and βx is the matched Twiss function at the given location
in the ring. An additional term is added in quadrature to
account for the turn-by-turn interaction of the beam with the
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EMITTANCE DILUTION FROM THE CERN PROTON SYNCHROTRON
BOOSTER’S EXTRACTION KICKERS
M.A. Fraser∗ , S. Albright, F. Antoniou, G.P. Di Giovanni, Y. Dutheil, V. Forte,
A. Huschauer, F. Roncarolo, CERN, Geneva, Switzerland
Abstract
Understanding the different sources of emittance dilution along the LHC injector chain is an important part of
providing the high brightness proton beams demanded by
the LHC Injectors Upgrade (LIU) project. In this context,
the first beam-based measurements of the magnetic waveforms of the Proton Synchrotron Booster’s (PSB) extraction
kickers were carried out and used to quantify the transverse
emittance blow-up during extraction and transfer to the Proton Synchrotron (PS). In this contribution, the waveform
measurement technique will be briefly outlined before the
results and their implications for the LIU project and beam
performance reach are discussed.

INTRODUCTION
The fast extraction kickers of the PSB (BEr.KFA14L1,
where r denotes the ring number) eject the beam in the
horizontal plane into the BT transfer line from each of
the four vertically stacked rings. The kicker forms part
of the extraction system including three bumper magnets
(BEr.BSW14L4/15L1/15L4) and the extraction septum,
(BEr.SMH15L1). Once in the BT line, the beam is recombined vertically into the plane of the PS by three more fastpulsed kicker systems (BT1/4.KFA10 and BT2.KFA20) and
vertical magnetic septa (BT1/4.SMV10 and BT2.SMV20),
before it is transported via the BTP transfer line and injected
into the PS. Figure 1 shows schematically the layout of the
PSB extraction region, BT and BTM transfer lines, along
with the relevant devices used in this study.
Originally designed for an extraction energy of
800 MeV [1], the extraction kickers have undergone
multiple upgrades over the years [2]. The KFA14L1 is
composed of four vertically superimposed in-vacuum,
C-ferrite transmission line kickers, one per ring, each
terminated in a short-circuit. The kicker on each ring is
composed of four magnets fed in parallel with a single high
voltage generator.
Today, the kicker operates at an operational voltage of
41.4 kV delivering an integrated dipole field strength of
51.6 mTm to deflect the 1.4 GeV proton beam by an angle of 7.2 mrad. When the machine restarts in 2020, the
kicker will operate at the new extraction energy of 2 GeV
by delivering 30% more integrated dipole field strength in
the framework of the LIU project, which is well within the
system’s maximum strength of 72.7 mTm.
In recent years, an extensive campaign of beam-based
measurements of the kicker systems involved in PSB-toPS beam transfer has been carried out to understand the
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impact of imperfections in their magnetic waveforms on
the emittance growth of high brightness LIU beams [3, 4].
In this context, the first beam-based measurements of the
magnetic waveforms of the four KFA14L1 kickers were
carried out, the flat-top ripple quantified and the horizontal
emittance blow-up estimated for relevant LHC-type beams.
The measurements were particularly important to rule out
the extraction kicker as the source of the horizontal emittance
growth observed after injection to the PS [5, 6].

MEASUREMENT TECHNIQUE
Preparation of Machine Development (MD) Cycle
A short LHC single bunch (INDIV) beam was prepared
on a special MD cycle with a root-mean-square (rms) bunch
length σt ∼ 10 ns in order to resolve the fine time structure
of the KFA14L1’s pulse. This was achieved with an RF
manipulation immediately before extraction; the main RF
voltage was stepped down abruptly from 8 to 1 kV for a quarter of a synchrotron period before the voltage was reapplied.
The bunch length and momentum spread at extraction could
be adjusted and tuned by up to a factor of 4 by adjusting
the delay between the reapplication of the RF voltage and
the moment of extraction. In the case of the beam-based
measurements presented here, the extraction instance was
timed a quarter of a synchrotron period later for the shortest
bunch length.

Measurement Procedure
To probe the waveform, the transverse deflection of the
beam was measured as a function of the fine delay of the
kicker’s trigger pulse using beam instrumentation devices
located in the downstream transfer lines. It quickly became
apparent that a large number of machine cycles were needed
to counter the machine’s limited reproducibility and attain
the high temporal resolution required. Typically, a few thousand shots were needed for a satisfactory measurement of
the entire flat-top of the kicker, taking approximately 12 h
depending on the operational conditions of the PSB at the
time of the measurement. Measurements made over such
a long period of time are sensitive to changes in the magnetic history of the machine and in order to improve the
measurement repeatability the same cycle (ISOLDE) was
always programmed before the measurement cycle. The
fine delay of the trigger was sampled randomly during the
measurement period to reduce the effect of any systematic
drifts on the reconstructed waveforms. The kicker has a fixed
flat-top length (∼ 1500 ns) that is far longer than the revolution period of protons because of the historical operation of
slow, heavy ion beams. With protons only the first 570 ns of
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UPDATE ON BEAM TRANSFER LINE DESIGN FOR THE SPS BEAM
DUMP FACILITY
J. Bauche, Y. Dutheil, M.A. Fraser, B. Goddard, C. Hessler, J. Kurdej,
L.A. Dougherty, V. Kain, J. Uythoven, F.M. Velotti
CERN, Geneva, Switzerland
Abstract
The SPS Beam Dump Facility (BDF) being studied as
part of the Physics Beyond Colliders (PBC) CERN project
has recently reached an important milestone with the completion of the comprehensive feasibility study. The BDF is a
proposed fixed target facility to be installed in the SPS North
Area, to accommodate experiments such as SHiP (Search for
Hidden Particles), which is most notably aiming at studying
hidden sector particles. This experiment requires a high intensity slowly extracted 400 GeV proton beam with 4 × 1013
protons per 1 s spill to achieve 4 × 1019 protons on target per
year. The extraction and transport scheme will make use
of the first 600 m of the existing North Area extraction line.
This contribution presents the status of the design work of
the new transfer line and discusses the challenges identified.
Aperture studies and failure scenarios are treated and the
results discussed. In particular, interlock systems aiming
at protecting critical components against the uncontrolled
loss of the high energy proton beam are considered. We also
present the latest results and implications of the design of a
new laminated Lambertson splitter magnet to provide fast
switching between the current North Area experiments and
the BDF.

INTRODUCTION
The Physics Beyond Colliders initiative is an ongoing
study to identify critical physics topics that could fully benefit from CERN accelerator infrastructure and expertise. One
of the projects currently investigated is the search for dark
matter on the SHiP experiment. The associated project to
build this experiment at CERN and provide it with unique
beam characteristics is referred to as the Beam Dump Facility [1].
As the SHiP detector targets the direct observation of
extremely rare events, it will require a large flux of high
energy particles. This will be provided by slowly extracted
proton beam from the SPS at an energy of 400 GeV. This has
been routinely done at CERN since the 70’s in the Prevessin
North Area but this project poses new challenges in terms
of intensity and efficiency. To achieve the SHiP objectives a
new beamline and experimental complex branching off the
existing North Area facility is foreseen. This facility will
receive 1 s long spills of 4 × 1013 protons at 400 GeV and
every 7.2 s [2]. This will result in an instantaneous beam
power of up to 2.5 MW that requires careful design of the
facility to safely transport the beam.
MC4: Hadron Accelerators
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Figure 1: Beamline view of the BDF engineering model
with the splitter at the bottom, the new line branching off to
the left and the existing targets in the upper right.

LAYOUT AND BEAM TRANSPORT
Slow extracted beam from the SPS is transported towards
the Prevessin site, in the Transfer Tunnel (TT) 20. The BDF
beam will follow the same path for the first 600 m of the
TT20 line. The new beamline then branches off the existing
channel at the level of the first Lambertson splitter. Figure 1
shows the new line branching towards the BDF target and
beyond, the SHiP detector. Starting at the tunnel branching
off towards the left, all downstream structures will have to
be built.
Figure 2 shows the synoptic and Twiss parameters of the
beam transport for the BDF, from the SPS to the target. The
evolution of the beta function along the line can be split into
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CRYSTAL FOR SLOW EXTRACTION LOSS-REDUCTION OF THE SPS
ELECTROSTATIC SEPTUM
L.S. Esposito∗ , P. Bestmann, M. Butcher, M. Calviani, M. Di Castro, M. Donze, M.A. Fraser,
S. Gilardoni, B. Goddard, V. Kain, J. Lendaro, A. Masi, M. Pari, J. Prieto, R. Rossi, W. Scandale,
R. Seidenbinder, P. Serrano Galvez, L.S. Stoel, F.M. Velotti,
V. Zhovkovska, CERN, Geneva, Switzerland,
A.G. Afonin, Y. Chesnokov, A.A. Durum, V.A. Maisheev, Y.E. Sandomirskiy,
A. Yanovich, NRC Kurchatov Institute - IHEP, Protvino, Russia
F. Galluccio, INFN, Napoli, Italy
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F. Murtas, INFN/LNF, Frascati, Italy
J. Borg, G. Hall, T. James, M. Garattini,
M. Pesaresi, Imperial College of Science and Technology, London, UK
A. Kovalenko, A.M. Taratin, JINR, Dubna, Russia
A. Natochii, LAL, Orsay, France
A.S. Denisov, Y. Gavrikov, Y.M. Ivanov, M.A. Koznov, L.G. Malyarenko,
V. Skorobogatov, NRC Kurchatov Institute - PNPI, Leningrad, Russia
Abstract
The use of a bent crystal was investigated in order to
reduce the losses at the CERN Super Proton Synchrotron
(SPS) electrostatic septum (ZS) during the slow extraction
of 400 GeV/c protons toward the North Area. The crystal,
installed a few meters upstream of the ZS, bends protons that
would otherwise impinge on the ZS wires. Since particle
deflection with good efficiency is achieved only when the
crystal lattice is aligned within 10 µrad to the trajectory of
the incoming particles (at p = 400 GeV/c), a compact goniometer was built to allow the correct angular alignment of
the crystal with a precision of a few µrad. In this paper, we
report on the crystal features measured during a dedicated
beam test by the UA9 experimental installation in the CERN
H8 beam line. Details of the goniometer and its installation
are also reported. The first results achieved during dedicated
Machine Development (MD) sessions are finally presented.

INTRODUCTION
The SPS presently extracts a 400 GeV/c proton beam to
the North Area (NA) Fixed Target physics program with
spill lengths of several seconds by means of a third integer slow extraction [1]. The extraction system is located
in Long Straight Section (LSS) 2 and is composed of an
electrostatic septum (ZS) upstream of magnetic septa (MST
and MSE). The ZS is divided into 5 separate tanks, 3.15 m in
length, each containing an array of 2080 Tungsten-Rhenium
(WRe) wires made as thin as possible (ZS1-2: 60 µm, ZS35: 100 µm) in order to reduce beam losses. Nevertheless,
a few percent of beam is unavoidably scattered on the wires,
inducing radioactivity in LSS2 [2].
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Methods to reduce the losses per extracted proton are under study in the SPS Losses and Activation Working Group
(SLAWG) [3] and are all the more important for the future
because of the higher (of approximately a factor four) proton extraction fluxes requested in the framework of the SPS
Beam Dump Facility [4]. Increases in the remnant activation
would impose longer cool-down times before an intervention
or a diagnostic test can be done in the tunnel on the extraction
equipment, which has the potential to significantly impact
the operational availability of the machine.
A bent crystal installed upstream of the ZS was the second
experiment (after a passive wire diffuser [2]) conducted in
2018 to demonstrate the principle of shadowing of the ZS.
The bent crystal experiment was prepared within the SPS
Crystal-Assisted Slow Extraction Working Group (CASE)
[5].

CRYSTAL CHARACTERISATION
Coherent interactions of charged particles in high purity
silicon crystals are used for several beam steering applications such as collimation, extraction, focusing and splitting.
Planar channelling is a phenomenon that arises when charged
particles entering the crystal with a small angle with respect
to the crystal planes are canalised between two adjacent
planes. Bent crystals can steer charged particles to a large
deflection, which is equal to the geometrical bending angle of the crystal, θ b . The channelling is possible within
1
a critical angle θ c = (2U0 /pv) 2 with respect to the plane
orientation, where U0 is the depth of the inter-planar potential, p and v are the particle momentum and velocity. For
400 GeV/c protons, θ c ≈10 µrad.
In the last decade, the UA9 experiment at CERN developed this technology to exploit the beam manipulation with
bent crystals, primarily to improve the collimation system
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SYSTEMATIC OPTICS STUDIES FOR THE COMMISSIONING OF THE
AWAKE ELECTRON BEAMLINE
C. Bracco∗ , B. Goddard, I. Gorgisyan, M. Turner, F.M. Velotti, L. Verra
CERN, Geneva, Switzerland
M. Aiba, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
Abstract
The commissioning of the AWAKE electron beam line
was successfully completed in 2018. Despite a modest length
of about 15 m, this low-energy line is quite complex and
several iterations were needed before finding satisfactory
agreement between the model and the measurements. The
work allowed to precisely predict the size and positioning
of the electron beam at the merging point with the protons
inside the plasma cell, where no direct measurement is possible. All the key aspects and corrections which had to be
included in the model, precautions and systematic checks
to apply for the correct setup of the line are presented. The
sensitivity of the ∼18 MeV electron beam to various perturbations, like different initial optics parameters and beam
conditions, energy jitters and drifts, earth’s magnetic field
etc., is described.

INTRODUCTION
(3·1011 )

The self-modulation of a 400 GeV high intensity
proton bunch in a plasma was observed for the first time in
2016 by the AWAKE experiment at CERN [1]. The creation
of wake-fields inside the plasma could then be probed by
injecting a ∼18 MeV witness electron beam which was accelerated up to 2 GeV [2] at the exit of the 10 m long plasma
cell.
The electron beam is produced by an RF gun [3] and is
transported towards the plasma cell through a 15 m transfer
line [4]. The line consists of a first triplet which is mainly
used for emittance and optics measurements. A vertical
dogleg and a horizontal achromat are used to merge the
electron beam with the protons. They consist of two pairs of
dipoles which bend the beam first vertically by ±18◦ and then
horizontally by 2×32◦ . A final focusing system, composed
by a triplet of quadrupoles, allows to tailor the transverse
beam size to the experiment requirements. Finally, a system
of correctors is used to steer the electron beam and inject it
either on-axis or with an offset and an angle with respect to
the proton beam.

DESIGN PARAMETERS AND
EXPERIMENT REQUIREMENTS
The original beam and optics parameter specifications,
which were used for the design of the electron beam line,
are shown in Table 1. The beginning of the line corresponds
to the entrance of the first quadrupole of the initial triplet.
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Table 1: Beam and Twiss (βx,y , αx,y ) parameter specifications which were used for the design of the AWAKE electron
beam line
Parameter

Value

Momentum [MeV/c]
Momentum spread ∆p/p [%]
Electrons per bunch [109 ]
Initial βxi,yi [m]
Initial αxi,yi [rad]
R.M.S. normlalised emittance εn [mm mrad]
σx f ,y f at focal point [mm]

10-20
0.5
1.2
5
0
2
0.25

The transverse beam size is defined as:
q
σx f ,y f = βx f ,y f εx,y + (Dx f ,y f ∆p/p)2

(1)

where εx,y is the geometric emittance (e.g. the ratio between
εn and the relativistic factor βγ) and Dx f ,y f the dispersion
at the focal point. The experiment requires to be able to
know the position of the focal point and the spot size with
the best possible accuracy. These parameters can only be
predicted from the model since no direct measurement is
possible inside the plasma cell. At the best, a ±15% accuracy
within ±10 cm can be expected.

ACCEPTANCE STUDIES
The nominal longitudinal position of the focal point is at a
10 mm diameter iris which determines the start of the plasma
cell. The possibility of varying the longitudinal position of
the focal point while keeping the transverse spot size variation ≤20% and the beam transmission through the iris ≥95%
is requested by the experiment. Moreover the option of injecting the electrons with a vertical offset and an angle with
respect to the plasma channel axis has to be granted since,
according to simulations, this allows to optimise the wakefield capture efficiency [5]. In case the design parameters in
Table 1 can be achieved, all conditions are fulfilled focusing
the beam up to 0.8 m inside the plasma cell. By relaxing
the requirements on the spot-size to twice the nominal value,
the focal point can be moved 3.9 m downstream of the iris
when injecting with up to a 3 mm vertical offset (Fig.1). Any
deviation from the design beam parameters, which causes
an increase in the beam dimensions (larger εn and/or ∆p/p),
determines a reduced flexibility. Also the local earth magnetic field (42 µT and 22 µT in the horizontal and vertical
plane respectively) has a non-negligible effect on the low
energy electrons and has to be taken into account [6]. The
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LHC INJECTION LOSSES AND TRAJECTORIES DURING RUN 1 AND 2
AND OUTLOOK TO INJECTION OF HL-LHC BEAMS
W. Bartmann, C. Bracco, B. Goddard, F.M. Velotti, J. Wenninger, CERN, Geneva, Switzerland
Abstract
The LHC turn-around time is impacted by the control
of injection losses and trajectories. While shot-to-shot trajectory variations dominated the injection efficiency during
LHC Run 1, several improvements of hardware and operational settings allowed for a high rate of successful injections
during Run 2. Injection losses and trajectories are analysed
and presented for the high intensity proton runs, as well
as for different beam types used from the injectors. Based
on this analysis, an outlook is shown for the HL-LHC era,
where double the bunch intensity will have to be injected.

EVOLUTION OF INJECTION LOSSES
The LHC injection quality monitoring includes several
tens of loss monitors in the injection and primary collimator
region to allow for an efficient analysis of each injection. The
complete set of monitors is needed to detect issues which
are specific to certain locations. When analysing the trend
of injection losses over several years, many of these monitors give redundant information and can be reduced to the
most representative ones distinguishing transverse and longitudinal losses. Transverse losses originate from transfer
line collimators (TCDI) cutting the transverse beam tails
and resulting in loss showers impacting beam loss monitors of the superconducting magnets in the ring from the
outside. Longitudinal losses are caused by particles captured in buckets neighbouring the nominally filled buckets
and transported until the injection in LHC. These satellite
bunches are deflected by the rising and falling edges of the
injection kicker and lost on the injection dump and primary
collimators. For longitudinal losses the monitors on the injection dump TDI are most representative. Monitors on the
matching quadrupoles Q8 for beam 1 (B1) and Q7 for B2 are
the most sensitive to the transverse shower from the TCDIs.
For B1 also the loss monitor on the dipole interconnect 7L2
(BOT) was included due to its particularly low dump thresholds and therefore relevance for injection efficiency.
In Fig. 1 the distribution of injection losses over dump
threshold is shown for each production year of Run 1 (2011
and 2012) and Run 2 (2015-2018). Only injections with
bunch trains of 12 bunches or more in periods of luminosity
production with protons are taken into account. Periods of
commissioning, machine development, special and ion runs
are excluded from this analysis. The loss range is visualised
for up to 120% of the dump threshold which cuts higher loss
events. The ratios of loss events above 20% including the
ones above 120% of the dump threshold are shown in Fig. 2.
In Fig. 1 it can be seen that injections in Run 1 were
dominated by transverse losses which was the opposite in
Run 2. Transverse losses dominate mostly in 2011, which
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Figure 1: Distribution of injection losses for B1 (left column)
and B2 (right column) from 2018 (top row) going backwards
to Run 1. Transverse losses on Q8 and Q7 are shown in green,
longitudinal losses on the TDI in blue.

was traced back to shot-to-shot variations of the injection
line trajectory caused by power converter ripple of the SPS
extraction septa [1]. This ripple was reduced by a factor 2
for the B1 extraction septum in the stop between 2011 and
2012 and improved in LS1 for the B2 extraction septum,
which can be observed on the transverse losses of both lines.
From Run 1 to Run 2 transverse losses increase for B1,
this is less pronounced for B2 which shows cleaner injections
than B1 throughout both runs. The B1/B2 difference is most
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SPS SLOW EXTRACTION LOSSES AND ACTIVATION: UPDATE ON
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M. Patecki, J.P. Prieto, S. Redaelli, F. Roncarolo, R. Rossi, W. Scandale, N. Solieri, J. Spanggaard,
O. Stein, L.S. Stoel, F.M. Velotti, H. Vincke, CERN, Geneva, Switzerland
D. Barna, K. Brunner, MTA Wigner RCP, Budapest, Hungary
Abstract
1019

Annual high intensity requests of over 1 ×
protons
on target (POT) from the CERN Super Proton Synchrotron
(SPS) Fixed Target (FT) physics program continue, with the
prospect of requests for even higher, unprecedented levels
in the coming decade. A concerted and multifaceted R&D
effort has been launched to understand and reduce the slow
extraction induced radioactivation of the SPS and to anticipate future experimental proposals, such as SHiP [1] at the
SPS Beam Dump Facility (BDF) [2], which will request an
additional 4 × 1019 POT per year. In this contribution, we
report on operational improvements and recent advances that
have been made to significantly reduce the slow extraction
losses, by up to a factor of 3, with the deployment of new
extraction concepts, including passive and active (thin, bent
crystal) diffusers and extraction on the third-integer resonance with octupoles. In light of the successful tests of the
prototype extraction loss reduction schemes, an outlook and
implications for future SPS FT operation will be presented.

INTRODUCTION
A high intensity flux of 400 GeV/c protons is slow extracted from the SPS using a third-integer betatron resonance
to spill the beam over an electrostatic septum (ZS) and into
the extraction channel located in Long Straight Section (LSS)
2. The beam is deflected from the ring downstream of the
ZS with magnetic septa before being distributed through a
network of transfer lines and split simultaneously by Lambertson septa to all primary production targets serving the
North Area (NA) FT programme. Without significant improvements in the extraction and splitting efficiencies, in
the future the attainable annual POT will be limited well
below the total the SPS machine could deliver, due to the
activation of accelerator equipment and associated personnel dose limitations. A complete description of the slow
extraction system and the studies reported in this paper can
be found in [3], the documentation supporting the SPS Loss
and Activation Working Group [4] and other proceedings at
this conference referenced herein.
Several possibilities to reduce dose to personnel during
hands-on maintenance, which is considered as one of the
most important figures of merit alongside machine availability, are being investigated. These span improved spill
∗
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quality, manipulation and control of the extracted separatrix, alternative or upgraded extraction hardware concepts,
including diffuser devices (passive and active) upstream of
the ZS, low-activation materials and the extended use of
remote handling techniques. Over the past three years a significant effort has been made on several fronts to conceive,
design, deploy and test with beam where possible, methods
to reduce the prompt extraction beam loss or to mitigate its
effects through different material choice or handling.

OPERATIONAL IMPROVEMENTS
In 2018 the highest annual proton flux since the operation
of the West Area Neutrino Facility [5] was slow-extracted
from the SPS. Since high levels of induced radioactivity were
observed in LSS2 at the end of 2015, and careful operational
attention was returned to the slow extraction process, the
end-of-run radioactive dose rate per extracted proton next
to the ZS has returned in recent years to the historical trend
line. The amelioration has been helped by the improved
monitoring of relevant machine parameters with dedicated
software applications able to quickly alert the operation team
of anomalies in the extraction efficiency or spill quality. In
addition, the operational software developments have helped
ease the optimisation and control of the extraction. One
notable example of the advanced level of spill control now
achievable is the recent demonstration of a burst-mode extraction consisting of many consecutive millisecond pulses
within a single spill, which was realised by carefully modulating and shaping the tune sweep function driving the
extraction [6].

Machine Reproducibility and Stability
Through dedicated studies the understanding of the reproducibility and stability of the SPS has improved. The
frequent changes to the composition of the magnetic cycle
impacts the machine’s reproducibility. The effects are most
noticeable on the resonant FT cycle, which sees a degradation in the uniformity of the spill rate sampled at low
frequency (≪ 50 Hz) when the magnetic cycle is changed.
Investigations have shown that relative tune variations of
∼ 2 ×10−4 , which are repeatable and therefore correctable,
originate from hysteresis effects in the main magnets [7].
The effect of n × 50 Hz perturbations on the spill coming from ripple on the main power supplies has been well
characterised for each magnet circuit and is well understood
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TRACKING SIMULATIONS OF SHADOWING ELECTROSTATIC
SEPTUM WIRES BY MEANS OF BENT CRYSTALS
F. M. Velotti∗ , M. A. Fraser, B. Goddard, V. Kain, L.S. Stoel,
CERN, Geneva, Switzerland
Abstract

Beam-Crystal Interaction

The CERN Super Proton Synchrotron (SPS) slow extraction is a third integer resonant extraction and hence suﬀers
from high losses at the electrostatic septum (ZS). This is one
of the main limiting factors for the maximum number of Protons On Target (POT) deliverable from the SPS to the North
Area (NA). A concept to signiﬁcantly reduce the extraction
losses via shadowing of the electrostatic septum wires using
an upstream bent crystal has been proposed in [1], predicting
a loss reduction of up to about 50% for the prototype system
installed in 2018. Following the successful experimental
demonstration of the concept with beam [2], detailed tracking simulations have been performed to fully understand
the results obtained. Further insights, such as the eﬀective
ZS width and its alignment, could be deduced by exploiting
the response of the extraction loss as a function of the two
degrees of freedom of the crystal (position and angle). In
this paper, the beam dynamics simulations are discussed
together with the implementation of the bent crystal into the
simulation framework. A comparison with measurements
is presented before proposals for new conﬁgurations and
parameters are discussed.

The beam-crystal interaction was modelled using an empirical approach and by incorporating the behaviour measured by the UA9 collaboration in dedicated beam tests [4] as
a 2D probability density function (PDF) in pycollimate [1].
The measured scattering response was transformed into a set
of discrete mono-dimensional histograms as a function of
the diﬀerence in angle of the incoming beam with respect to
the channelling angle of the crystal. The measured data was
binned at 5 μrad so interpolation was required to produced
the 2D PDF. The simulated response using this approach
is essentially indistinguishable from the measured data. It
is this PDF, implemented in pycollimate, which is used to
calculate the eﬀect of the crystal, as a function of its position
and orientation, on the incoming beam.

INTRODUCTION
The SPS hosts a slow extraction channel in the Long
Straight Section (LSS) 2 which provides a constant ﬂux of
particles, in the order of seconds, to the experiments of the
North Area (NA). By design, the resonant slow extraction is
a lossy process as the electrostatic septum (ES, or ZS for the
SPS) wires are directly used to separate the circulating beam
from the extracted one. Two proposed solutions [1] foresee
the exploitation of a silicon bent crystal to shadow the ES,
either locally in LSS2 or non-locally elsewhere in the ring.
Following the conceptual design and expected performance
presented in [1], a prototype crystal was installed in the
SPS in LSS2, 4° in betatron phase advance upstream the ZS.
Details of the measurements campaign is discussed in [2].
A more complete description of the recent results described in this paper can be found in [3].

SIMULATION METHODOLOGY
Comprehensive particle tracking simulations that include
the non-linear beam dynamics of the slow extraction process in the synchrotron, the beam-crystal and beam-septum
interaction were essential to deﬁne the required layout, to
understand the experimental results and to optimise the performance reach of the concept.
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Simpliﬁed Beam Dynamics Simulations
A simulation model of the SPS during slow extraction
was built with MAD-X [5]. The machine tune is set onresonance for on-momentum particles, i.e. 3νx = 80 for
Δp/p0 = 0. The normalised chromaticities are set to their
measured values (ξx = −1, ξy = 0.58), and the extraction
bump in LSS2 is turned on. With the implementation of
Constant Optics Slow Extraction (COSE) methodology [6],
the simulations could be simpliﬁed and their speed increased
as the optics is theoretically frozen for all extracted particles
throughout the spill. It is then only necessary to simulate
one instance of the spill, ensuring that the stop-band width
in relative momentum space (Δp/p0 ≈ ±10−4 ) either side
of the resonant tune is suﬃciently covered. Two techniques
were explored:
• Slicing the SPS sequence for thin lens tracking with
internal MAD-X routines,
• Creating the PTC [7] sequence using MAD-X and extracting maps of the relevant portions of the SPS sequence to a given order.
The ﬁrst method is pure thin lens tracking through every element of the SPS sequence. When a crystal-type
element is encountered the particle distribution is handed
over to pycollimate to evaluate the beam-crystal interaction
for a given crystal conﬁguration (position and orientation).
This methodology has the advantage of being very accurate,
permits aperture restrictions to be rigorously checked and
can include time-dependent eﬀects, however it is also time
consuming due to the length of the SPS sequence and the
hand-over of the particle distribution between MAD-X and
pycollimate at every interaction.
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SLOW EXTRACTION LOSS REDUCTION WITH OCTUPOLES AT THE
CERN SPS
L.S. Stoel, H. Bartosik, M. Benedikt, M.A. Fraser, B. Goddard, V. Kain, F.M. Velotti
CERN, Geneva, Switzerland
Abstract
The powering of octupoles during third-integer resonant
slow extraction has been studied and recently tested with
beam at the CERN Super Proton Synchrotron (SPS) in order
to increase the extraction eﬃciency and reduce the induced
radioactivity of the extraction straight. The octupoles distort
the particle trajectories in phase space in such a way that the
extracted separatrix is folded, which decreases the particle
density impinging the wires of the extraction septum at the
expense of increasing the extracted beam emittance. During
experimental SPS machine studies a reduction of over 40 %
in the speciﬁc (per extracted proton) beam loss measured at
the extraction septum was demonstrated. In this paper, the
prerequisite studies needed to safely but eﬃciently deploy the
new extraction scheme in a limited time-frame are described,
the experimental results are presented and an outlook is
given towards the next steps to bring slow extraction with
octupoles into routine operation.

INTRODUCTION
The application of higher-order multipole ﬁelds to manipulate the spatial density of the beam presented to the
extraction septum is one of many slow extraction beam loss
reduction techniques pursued at CERN in recent years [1–3].
In the present operational scenario four extraction sextupoles
(LSE) are used to drive the third-integer resonance and increase the amplitude of particles on outward spiralling separatrices, which closely resemble straight lines in phase space.
In this scenario, the spatial density of the beam at the extraction septum located in Long Straight Section (LSS) 2
drops oﬀ quadratically with amplitude. When strong higherorder multipole ﬁelds are added, one can curve the phase
space separatrix presented to the septum and manipulate it
such that, after optimisation and at the expense of a larger
extracted beam emittance, the spatial density projection of
the extracted beam is peaked inside the extraction channel
rather than at the wires of the electrostatic septum that shield
the circulating beam from its high electric ﬁeld. The lower
density at the septum wires reduces the number of protons
interacting with them during extraction, reducing the overall
beam loss and induced radioactivation. A full discussion
on the technique of applying higher-order multipoles, including both octupoles and decapoles, to third-integer slow
extraction can be found in [4].

OCTUPOLES IN THE SPS
The large number of octupoles installed in the lattice of
the CERN SPS make it an ideal test-bed for applying higherorder ﬁelds to slow extraction. The SPS is equipped with two
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octupole families (LOF and LOD) for mitigating transverse
instabilities through Landau damping. The LOF magnets are
installed near focusing quadrupoles where the horizontal βfunction is large and typically 85 - 105 m. There are 24 LOF
magnets in the machine powered by a single power converter
in series and, even though 6 are cabled with an inverted
polarity, there is adequate normalised strength for the scope
of this study. Only the LOF family were considered because
they have an order of magnitude larger normalised strength
than the LOD family, which are located near defocusing
quadrupoles.

PROCEDURE & MACHINE PROTECTION
As the powering of octupoles during slow extraction has
potentially serious machine protection implications for the
delicate wire arrays in the electrostatic septum, a detailed
procedure [5] was prepared and approved to establish safe
limits for the machine parameters used. The main risk was
identiﬁed as accidentally trapping the beam in the machine
at large amplitudes with relatively strong octupole ﬁelds,
which could increase the beam density close to the electrostatic septum wires with the potential to collimate the
beam directly onto them. In order to mitigate the risk, a
low intensity beam of 1 − 5 × 1011 protons was specially
prepared in the CERN injectors. Conversely, concerns were
also raised of accidentally increasing the extracted beam
size at the septum and striking the cathode on the outside
of the extraction aperture, nominally spaced at 20 mm from
the wires on the grounded anode. A fortuitously-located
LHC-type collimator (TCSM) in LSS5 was used to safely
deﬁne and restrict the aperture to protect the cathode.
The tests with beam were split into two parts. The eﬀective strength of the LSE and LOF circuits were ﬁrst safely
checked with the extraction bump in LSS2 turned oﬀ and the
beam slow-extracted instead onto the TCSM aligned with
the beam at the same aperture as the wires of the extraction septum. The onset of trapping could be observed and
safe machine parameters identiﬁed. The second part proceeded using the pre-determined safe limits on the multipole
strengths to extract the beam through LSS2 with the extraction bump on and with the TCSM retracted to shadow the
cathode of the septum. The main objective of the procedure
was to demonstrate a prompt extraction beam loss reduction
at the electrostatic extraction septum with carefully chosen
LSE and LOF strengths.
The beam tests were performed over two mornings and
totalled no more than 8 h due to the reduced availability of
the injector chain on those days. It was therefore absolutely
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CHARACTERISATION OF SPS SLOW EXTRACTION SPILL QUALITY
DEGRADATION
F. M. Velotti∗ , H. Bartosik, M. Buzio, K. Cornelis, V. Di Capua, M. A. Fraser,
B. Goddard, V. Kain, CERN, Geneva, Switzerland

INTRODUCTION
The biggest fraction of protons accelerated in the SPS goes
to the North Area (NA) fixed target experiments. As the SPS
is operating as a cycling machine, many other users can and
do populate the SPS Super Cycle (a super cycle is a series
of different magnetic cycles). In order to reduce the idle
time and guarantee high duty cycle for all users, super cycles
are optimised. Only cycles where beam is requested at the
very moment are played. This translates however in frequent
SC composition changes. The so-called physics production
SC is the main SC in the SPS. It consists of one SFTPRO
(cycle to deliver beam to the NA) followed by one Machine
Development (MD) cycle (Fig. 1-top). In this configuration,
the duty cycle to the NA is maximised. The second most
common SC, instead, is the SC for the Large Hadron Collider
(LHC) filling consisting of one SFTPRO, one MD, one LHC
cycle and another MD cycle, see Fig. 1-bottom. The integer
part of the tune for LHC beams in the SPS is 20 instead of the
canonical 26 as used for the SFTPRO beam. This translates
into 12 % lower field in the quadrupoles in an LHC cycle
in spite of the higher energy of (450 GeV for LHC beams
compared to 400 GeV for SFTPRO). The swap between the
two super cycles as discussed before occurs several times
per day during normal operation.
The fixed target and LHC cycles in the SPS are different
in many ways: extraction energy, optics, duration, ramp
speed, etc. As the magnetic behaviour of the SPS main
dipoles and quadrupoles is different, not only extraction
energy and optics have an effect on variations of machine
properties when the super cycle changes [1,2]. The effect on
the slow extracted spill quality is non-negligible and needs
to be corrected each time.
∗

francesco.maria.velotti@cern.ch

MC4: Hadron Accelerators
T12 Beam Injection/Extraction and Transport

5

I / kA

The main physics users of the Super Proton Synchrotron
(SPS) are the experiments installed in the North Area (NA).
They are supplied with slowly extracted protons or heavy
ions, exploiting a third integer slow extraction to provide
a 4.8 s spill. High duty cycle and constant particle flux
are the main requirements. Frequent super cycle changes
induce variation of the spill macro structure which directly
deteriorates the final spill quality. In this paper, the source
of this effect is investigated. Results of both beam based
measurements and direct magnetic measurements on the
SPS reference magnets are presented. Finally, a possible
strategy to counteract this effect is discussed in order to
remove the spill variations caused by super cycle changes.

In this paper, the results of a field measurement campaign
carried out on a spare SPS quadrupole in the laboratory is
presented. The magnetic behaviour of the SPS quadrupoles
following a SC change is then compared to beam-based
measurements and expectations from beam simulations.
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Figure 1: Two super cycles in the SPS plotted as current
in the main dipoles as a function of time. Top: physics
production SC with two SFTPRO or fixed target cycles at
400 GeV followed by 200 GeV MD cycles. Bottom: LHC
filling SC with the 450 GeV cycle at the end and a fixed
target cycle. 2 MD cycles are used as buffers.

MAGNETIC MEASUREMENTS ON SPS
SPARE QUADRUPOLE
Magnetic measurements of SPS quadrupoles are not available online and difficult to organise in the tunnel. As spares
are available, an ad-hoc test bed to evaluate the effect of
SC changes on the integrated quadrupole field was prepared.
The SC used for the measurements corresponds to a LHC
filling SC with the LHC and MD cycles swapped, which
was supposed to make hysteresis effects more apparent. The
measurements are performed using a pick-up coil, which
permits to measure the flux change in a given time interval
(V s). The integrated field can then be calculated by integrating the voltage induced in the coil after an offset correction
applied knowing that at constant current the output of the
coil should be 0 V. The integrated field in T is obtained by
dividing the flux by the effective coil area, which is estimated
to be 0.79 m2 . Although absolute measurement accuracy is
poor with this technique, relative field variations, which are
of interest for the discussion here, can still be measured with
high resolution.
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MODEL AND MEASUREMENTS OF CERN-SPS SLOW EXTRACTION
SPILL RE-SHAPING — THE BURST MODE SLOW EXTRACTION
M. Pari1∗ , M. A. Fraser, B. Goddard, V. Kain, L. S. Stoel, F. M. Velotti
CERN, Geneva, Switzerland
1 also at Department of Physics G. Galilei and INFN Padova, Padova, Italy
BURST MODE SLOW EXTRACTION
IMPLEMENTATION

Abstract

INTRODUCTION

The ENUBET (Enhanced NeUtrino BEams from kaon
Tagging) Project proposes to tackle the open problems in
neutrino physics by developing a “monitored neutrino beam”,
where the initial conditions on the neutrino flux could be
measured at the 1% level [1–3]. In a monitored neutrino
beam the secondary hadron decay tunnel is instrumented
with detector technology. In such a way the neutrino flux
can be predicted by detecting the decay products of neutrino
production vertices. Pile-up levels in the instrumented decay tunnel pose hard constraints on the maximum hadron
flux that can be produced, making the slow resonant extraction the best option to deliver primary protons. For
this reason, the development and optimization of compatible slow-extraction schemes is ongoing at the CERN-SPS,
which would fulfill the ENUBET requirements in terms of
spill structure and proton energy. A novel proposed extraction scheme [2] consists of the slow-extraction of several
2-10 ms pulses, at a repetition rate of 10 Hz. This particular extraction scheme, called burst-mode slow-extraction,
would open the possibility of employing pulsed strong focusing devices, such as magnetic horns, for the focusing of
the secondary hadrons. As shown in [3], this would increase
the secondary flux by about an order of magnitude with respect to the nominal case. Moreover, the combination of a
burst-extracted spill with a static focusing system could also
be an option, with possible advantages in the hadron flux
monitoring along the beamline and cosmic background at
the neutrino detector.
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The SPS slow extraction is a chromatic based, third integer resonant extraction, as detailed in [4, 5]. The horizontal
tune of the machine (Q H ) is swept across a third integer resonance, extracting an intensity of about 4 × 1013 protons in
4.8 s. In order to pulse the extracted intensity, the basic idea
is to reshape the demanded tune function. By defining T as
the burst repetition period, the tune for nominal slow extraction in the n-th burst period can be written as Qnom
H (t + nT)
for t ∈ [0,T]. The tune for burst mode slow extraction in the
n-th burst period is obtained with the following reshaping:


(
T
Qnom
t
+
nT
t ∈ [0, λ]
nom
λ
H
QH (t + nT) −→
(1)
f (t + nT)
t ∈ [λ,T]
where we define λ as the length of a single burst. Since the
tune has to be a stricly increasing function for a continuous
extaction, Eq (1) shows that particles are extracted only
for t ∈ [0, λ], every period n. For t ∈ [λ,T] the function
f (t +nT) breaks the strict monotonicity, being equal or lower
than the last tune value Qnom
(n + 1) T .
H
New proposed tune functions
26.576
26.575
26.574

QH

The ENUBET (Enhanced NeUtrino BEams from kaon
Tagging) Project aims at reaching a new level of precision
of the short-baseline neutrino cross section measurement by
using an instrumented decay tunnel. The North Area (NA)
experimental facility of the CERN Super Proton Synchrotron
(SPS) offers the required infrastructure for the experiment.
A new slow extraction type, consisting of bursts of many
consecutive millisecond spills within one macro spill, has
been modeled and tested for the ENUBET Project. The
burst-mode slow extraction has been tested for the first time
at CERN-SPS, and MADX simulations of the process have
been developed. In this paper the experimental results obtained during the test campaign are presented along with the
results of the quality of the produced spill and comparing it
with predictions from simulations.

Original Tune
Original Tune - Reco
Burst SE - Manual
Burst SE - Optimized
Burst SE - Parabolic
Burst SE - Parabolic2

Extraction
No extraction
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26.571
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time [ms]
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Figure 1: Proposed tune functions for burst-mode slowextraction operation during a machine development at
CERN-SPS.
Figure 1 shows the possible burst extraction tune functions produced for machine operation, superimposed to the
nominal extraction tune (orange line and blue crosses), as
described in Eq. (1). All the burst extraction tune functions shown in Fig. 1 are only differing in the function f (t)
of Eq. (1). During operation, we observed that particular
shapes of f (t) can significantly worsen the extracted spill
due to the non-ideal response of the main power converters.
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COMBINED MCNP/TURTLE SIMULATION OF THE SINQ BEAM LINE
AT PSI-HIPA
D. Reggiani∗ , D. Kiselev, M. Seidel, V. Talanov, M. Wohlmuther
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract

With a nominal beam power of nearly 1.4 MW, the PSI
High Intensity Proton Accelerator (HIPA) complex is currently at the forefront of the high intensity frontier of particle
accelerators. A key issue of such facilities is the minimization of beam losses that could lead to excessive activation
of beam line components. At HIPA, the SINQ beam line
is particularly subject to relatively large losses since it receives the highly divergent beam scattered off a 40 or 60
mm thick muon production graphite target (TE). So far, for
HIPA, beam line simulations have been carried out only
by means of the matrix multiplication codes Transport and
Turtle. Although very efficient, such tools do not allow a
precise determination of beam losses whenever targets and
collimators are substantially affecting the beam optics. A
true understanding of how beam halo and the low momentum
tail contribute to the measured losses can only be achieved
by complementing the traditional simulations techniques by
a tool that can transport beam particles in different materials
and, at the same time, handle complex geometries like the
ones of collimators situated in the beam line. Moreover,
such an improved beam line simulation would give a significant contribution in evaluating the feasibility of the SINQ
beam rotation system currently under study. In this paper
we present a simulation of the SINQ beam line combining
MCNP models of TE and collimator sections with the Turtle
computation of the magnetic channel.

INTRODUCTION

The PSI high intensity proton accelerator (HIPA) generates a continuous wave 1.4 MW beam. Protons are brought
to 590 MeV energy by an accelerator chain composed by
a Cockcroft-Walton generator followed by an injector and
a ring cyclotron [1]. After extraction, the beam is transported through the 60 m long “proton channel” provided
with two graphite target stations, so-called TM and TE, located 18 m apart from each other. TM has a thickness of
5 mm, whereas TE is 40 or, alternatively, 60 mm thick (from
now on, the two TE versions will be simply called TE40
and TE60). The highly divergent 570 MeV (560 MeV for
TE60) beam fraction leaving TE is reshaped by a system
of four copper collimators and delivered to the SINQ target
through a 55 m beam line. In the proton channel, the beam
current is measured by six 2nd harmonic resonators (MHC16) [2]. MHC1-3 are located upstream of TM, MHC4 in the
section between TM and TE and MHC5-6 are installed in
the SINQ beam line, downstream of TE. Although very fast,
these monitors can only measure relative beam currents and
∗
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need frequent recalibration. An absolute Bergoz® [3] current monitor (MHC2b), located upstream of the first target
station TM, is available since 2009. A second Bergoz® Monitor (MHC6b) was installed in the SINQ beam line during
the 2017 shutdown [4]. Prior to the installation of MHC6b,
the calibration of the SINQ current monitors MHC5 and
MHC6 was solely based on the simulation of the beam transmission through TE and its collimator system carried out
using the software tool Turtle/Muscat [5]. Since 2017, the
presence of the two absolute current monitors MHC6b and
MHC2b has allowed the direct determination of the beam
transmission through the two graphite targets along with
their collimator systems. The delivered value shows that
~2.5% of beam is missing if compared to the prediction
made by the Turtle/Muscat simulation (see Table 1) for both
TE40 and TE60. For this reason, an improved SINQ beam
line simulation has been conceived in which TE and its collimator system as well as the SINQ target collimators are
modeled using the MCNPX software code. In MCNPX simulations were performed using the default INC and EVAP
models by Bertini-Dresner [6].

THE SINQ BEAM LINE
Figure 1 shows 2σ envelope fits of the proton beam along
the 55 m beam line between TE and the SINQ target (TSNQ)
in case of a TE40 (black envelopes) as well as TE60 (red
envelopes). The fit constraints are given by the beam widths
measured by the profile monitors. The half aperture in
both horizontal (upper) and vertical planes is 150 mm. The
quadrupole magnets are depicted by the red rectangles. The
location of the TE copper collimators (KHE0-3) as well
as the three copper collimators protecting the SINQ target

Figure 1: Beam envelope fit between TE and SINQ.
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THE NEW INJECTION REGION OF THE CERN PS BOOSTER
W. Weterings∗ , C. Bracco, L. Jorat, M. Meddahi,
R. Noulibos, P. Van Trappen, CERN, Geneva, Switzerland

Abstract

During the Long Shutdown 2 (LS2) at CERN, the new
Linac4 (L4) accelerator will be connected to the PS Booster
(PSB) to inject 160 MeV H− beam into the 4 superposed
PSB rings. In order to achieve this, we have designed, built
and pre-assembled a completely new H− charge-exchange
injection chicane system, with a carbon stripping foil unit to
convert the negative hydrogen ions into protons by stripping
off the electrons. In parallel, we have built and installed a
test stand in the L4 transfer line enabling us to gain valuable
experience with operation of the stripping foil system and
to evaluate different foil types during the L4 reliability runs.
This paper describes the final design of the new PSB injection region and reports on the important test results obtained
with the stripping foil test stand.

Figure 1: Configuration of the PSB injection region.

INTRODUCTION

A massive improvement program of the Large Hadron
Collider (LHC) injector chain is presently being conducted
under the LHC Injectors Upgrade (LIU) project [1, 2] with
the aim of producing the challenging High Luminosity LHC
(HL-LHC) beam parameters [3, 4]. The project comprises
a new Linac, so-called Linac4 (L4), as well as major upgrades and consolidation of the Proton Synchrotron Booster
(PSB), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS).
L4 is a linear accelerator [5] intended to deliver from 2020
a beam of 160 MeV energy to the 4 superposed synchrotron
rings of the PSB. L4 will deliver negative hydrogen ions (H− )
instead of protons (H+ ) to the PSB, at higher injection energy
than the 50 MeV of Linac2, therefor the PSB is equipped
with an H− charge-exchange injection system during the
Long Shutdown 2019-2020 (LS2).

H− CHARGE-EXCHANGE INJECTION

Charge-exchange injection can achieve higher particle
density providing an extremely flexible way to load particles into the PSB, making the accumulation of many turns
possible with a tight control of the beam density [6]. In
the new injection system, H− will be progressively injected
horizontally into the PSB and converted into H+ by passing through a 200 µg/cm2 carbon foil to strip them of the
electrons, aiming to convert at least 98% of the beam to
protons [7]. To achieve this, the local orbit of the PSB circulating beam is horizontally displaced by a set of 4 pulsed
dipole magnets (BSW) [8] in order to merge with the injected beam (see Fig. 1). Four horizontal kickers (KSW) [9],
outside the injection region, are used to paint the beam into
the required horizontal emittance. Partially stripped H0 and
∗
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Figure 2: Mockup assembly of the new H− injection region.
∼1% H− missing the foil are directed to an internal H0 /H−
dump located inside chicane magnet BSW4 [10]. An image
of the new H− injection region equipment is given in Fig. 2.

Injection Chicane
Considering a symmetric injection bump, the strength
of the BSW magnets [8] is determined by the 66 mrad injection angle from L4 transfer line and an integral field of
126 mTm will be required to achieve this deflection. For each
of the 4 PSB rings, the chicane consists of a septum magnet
(BSW1), only deflecting the orbiting circulating beam providing a field-free region for the injected H− beam, followed
by 3 bumper magnets (BSW2-4). The magnet apertures are
adapted to the dimensions of the corrugated Inconel vacuum
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MACHINE PROTECTION ASPECTS OF HIGH-VOLTAGE FLASHOVERS
OF THE LHC BEAM DUMP DILUTION KICKERS∗

C. Wiesner† , W. Bartmann, C. Bracco, M. Calviani, E. Carlier, L. Ducimetière, J.A. Ferreira Somoza,
M. Frankl, M.A. Fraser, S. Gilardoni, B. Goddard, T. Kramer, A. Lechner, N. Magnin, M. Meddahi,
V. Namora, A. Perillo-Marcone, T. Polzin, L. Richtmann, V. Rizzoglio, V. Senaj, D. Wollmann,
CERN, Geneva, Switzerland

Abstract
The LHC Beam Dump System is required to safely dispose of the energy of the stored beam. In order to reduce the
energy density deposited in the beam dump, a dedicated dilution system is installed. On July 14, 2018, during a regular
beam dump at 6.5 TeV beam energy, a high-voltage flashover
of two vertical dilution kickers was observed, leading to a
voltage breakdown and reduced dilution in the vertical plane.
It was the first incident of this type since the start of LHC
beam operation. In this paper, the flashover event is described and the implications analysed. Circuit simulations
of the current in the magnet coil as well as simulations of
the resulting beam sweep pattern are presented and compared with the measurements. The criticality of the event
is assessed and implications for future failure scenarios are
discussed.

†

On July 14, 2018, a high-voltage flashover of two vertical
dilution kickers of Beam 2 was observed during a regular
beam dump with 2556 bunches at 6.5 TeV beam energy. It
was the first incident of this type with beam in the machine
since the start of LHC.
Figure 1 depicts the dilution kickers inside their common
vacuum tank. After a dump execution, the HV generators
discharge the current via the busbars into the magnet coils
inside the vacuum tank. The first flashover occurred at the
magnet MKBV.C and then propagated to the MKBV.D, located around 3 m downstream in the same vacuum tank. The
first flashover took place about 37 μs after the dump execution, the second flashover happened 10 μs later, i.e. at
about 47 μs. The initial cause and the exact location of the
flashovers are not yet fully known [5].

INTRODUCTION: DILUTION SYSTEM
AND FAILURE CASES

The LHC Beam Dump System (LBDS) includes for each
beam, together with the various control elements, 15 fast
extraction magnets (MKD), 15 magnetic septa, 10 dilution
kickers (MKB), and the beam dump [1]. The beam dump itself is composed of three main parts: (i) an upstream window
made of carbon-carbon (C-C) composite on a thin stainless
steel foil, (ii) a 7.7 m long graphite dump core and (iii) a
downstream window made of titanium.
The dilution system is required to reduce the deposited energy density in the dump core and windows. Four horizontal
(MKBH) and six vertical dilution kickers (MKBV), which
are driven by their high-voltage (HV) generators, sweep the
beam over the front face of the dump block with damped
sine-like oscillations and an amplitude of around 0.28 mrad.
The worst-case failure scenario considered up to now
was the loss of the deflection of two horizontal dilution
kickers. It can be caused by either, on the generator level,
the erratic firing of one HV generator in antiphase to the
remaining kickers [2–4], or, on the magnet level, the loss of
two kickers during the dump execution due to a flashover
in their common vacuum tank. This paper discusses the
latter case, based on the analysis of the recent incident, and
concludes that a worse failure case can occur.
∗

MKBV FLASHOVER ON JULY 14, 2018

Research supported by the HL-LHC project.
christoph.wiesner@cern.ch

WEPMP040
2418

Figure 1: Overview of the two vertical dilution kickers inside
their common vacuum tank. The first flashover occurred
at the MKBV.C and then propagated downstream to the
MKBV.D. The propagation path in orange is indicated for
illustration purposes only.
The dilution pattern during the flashover event is shown
in Fig. 2. The pattern was measured at the beam screen
(BTVDD) located upstream of the dump block. For comparison, the simulated dilution patterns for a nominal dump
and for dumps with one to three vertical dilution kickers
missing are depicted with solid lines. The simulated pattern
are based on the kicker waveforms from a regular dump of
Beam 2 on July 22, 2016, with the corresponding number of
kickers switched off in the simulation. The centre positions
of the patterns have been fitted for the plot and the vertical
size scaled with a correction factor of 1.04.
Until the time of the first flashover 𝑡1 the beam follows the
nominal dilution path (green curve). As expected, after 𝑡1 the
deflection of one vertical kicker is lost and the beam follows
the calculated path for 5 out of 6 active kickers (blue curve).
However, after the flashover of the second kicker at 𝑡2 , no
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DAMPING BUNCH OSCILLATIONS DUE TO OFF-AXIS INJECTION∗
O. Etisken, N. Mounet, A. Oeftiger, S. Ogur, K. Oide, Y. Papaphilippou, B. Salvant,
F. Zimmermann† , CERN, 1211 Geneva 23, Switzerland

Abstract

In the FCC-ee pre-injector complex, a slightly modiﬁed
SPS can serve as pre-booster. The baseline design foresees
injecting the low-emittance electron and positron bunches
oﬀ-axis into the SPS, and deploying strong wigglers to
greatly enhance the radiation damping at the injection energy.
We here compare the damping of large injection oscillations
by means of radiation damping with the eﬀect of other possible damping mechanisms such as a fast bunch-by-bunch
feedback system and/or head-tail damping via nonzero chromaticity. As a by-product, we investigate the transverse beam
stability.

SPS PBR MODEL

For use as PBR, it is proposed to operate the SPS with
an integer tune of 40 in both transverse planes [3]. This
novel conﬁguration (“Q40” optics) corresponds to a betatron
phase advance of 135◦ per FODO cell, which minimizes the
equilibrium emittance. Traditionally the integer tune of the
SPS was 26; for LHC protons also integer tunes of 20 [4, 5]
and 22 [6] are being used or tested.
The electron or positron bunches for FCC-ee are injected
into the SPS Q40 optics at an energy of 6 GeV. We consider
an oﬀ-axis injection in the vertical plane. Rough parameters
for the injected beam are compiled in Table 1. The listed
energy spread is typical for the end of the SLC linac [7];
alternative values are given in [1,2]. The emittance numbers
refer to an electron beam without damping ring [3]. We
also assume that between linac and PBR the bunches pass
through an energy compressor, or an arc with momentumdependent path length, where the rms bunch length increases
from ∼1 mm to about 10 mm.
An approximate nonlinear optics model can be constructed from SPS beam measurements performed at several

†

Variable
Energy Eb
Geometric emittance εx,y
Initial injection oﬀset
Rms momentum spread σδ
Rms bunch length σz
Betatron tunes Q x,y
Momentum compaction αC

value
6 GeV
2.5 nm
12 σy
0.2%
10 mm
40.13, 40.18
0.0008

OVERVIEW

When the SPS is used as a FCC-ee pre-booster ring (PBR),
6 GeV electron or positron bunches, from an S-band linac
[1,2], are injected at large transverse amplitude [3]. To damp
the injection oscillations, synchrotron radiation damping can
be enhanced by installing dedicated radiation wigglers [3].
In the following, we ﬁrst describe our approximate optics
and impedance model for the SPS PBR. We then report
simulation results for the longitudinal and transverse plane,
considering situations without or with radiation wigglers,
for diﬀerent values of linear chromaticity, and at diﬀerent
bunch intensities. Finally, we draw a few conclusions.

∗

Table 1: Assumed Beam Parameters at Injection into the
SPS Pre-Booster Ring
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integer tunes and various beam energies during the past
two decades [8–10]. Nonlinear SPS optics measurements
with the Q26 optics carried out at 14 GeV in 2003 [9] provide estimates for the second and third order chromaticity:

5
4
Q 
x,y = +60, +300; and Q x,y = −1.2 × 10 , +4 × 10 . The
ﬁrst order chromaticity is set to +1 in both planes.
Measurements in 2016 determined the Landau octupole
settings required to compensate the natural detuning with
amplitude for the Q20 optics [10] (namely, the knob values
KLOF = −1 m−4 and KLOD = 0.5 m−4 , equivalent to −87
and +44 T/m4 at 26 GeV, for eight 0.7 m long octupoles
each) which correspond to a linear detuning with action
variables Ix,y of order 10−3 per micron in either plane [10].
We multiply these octupole strengths by a factor −2, and
use them to approximately reproduce the natural machine
anharmonicity, assuming that the latter is dominated by the
second order contribution from the lattice sextupoles. The
factor of 2 roughly takes into account the modiﬁed optical
functions for the Q40 optics as compared with Q20 [11].
Traditionally, the SPS impedance, as seen by the long
proton bunches, is modelled by a broad-band resonator, with
a resonant frequency of 1.3 GHz, a shunt impedance of
order 1010 MΩ/m and a Q value of 1 [8, 12]. This model
describes the coherent motion of the SPS proton beams,
e.g. [8]. Here, for the shorter lepton bunches, we assume the
same impedance, and take it to be circularly symmetric. We
note the existence of an alternative reﬁned SPS impedance
model [13].
Adding wigglers enhances the damping [3]. The proposed
SPS wigglers have a ﬁeld of 5 T and a total length of 4.5 m.
Table 2 compares beam parameters related to synchrotron
radiation with or without wigglers.
For the simulation, we use the code PyHEADTAIL [14],
an extended version of HEADTAIL [15, 16] written in
Python. We track 2.5 × 104 macroparticles over 2 × 104
turns, which corresponds to half a longitudinal radiation

MC1: Circular and Linear Colliders
T12 Beam Injection/Extraction and Transport

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPMP042

REDUCTION OF STORED BEAM OSCILLATIONS DURING INJECTION
AT DIAMOND LIGHT SOURCE
R. T. Fielder†, M. Apollonio, R. Bartolini, C. Bloomer, I.P.S. Martin, Diamond Light Source,
Didcot, UK

Abstract

At Diamond injection is performed by means a of a four
kicker off-axis system, relying on a perfect timing and amplitude setting to produce a closed bump. Ageing of some
of the kicker vessel components has progressively spoiled
the performance of the system, causing oscillations in the
stored beam.
Various schemes to control these oscillations have been
considered including introducing an additional compensating kicker, and installing a non-linear injection kicker. Results of simulations analysing these schemes are presented,
along with measurements taken in the storage ring using an
existing pinger magnet. The effects of the reduction on the
quality of beam seen by beamlines is also considered.

INTRODUCTION

Diamond uses a common injection scheme with a septum and four kicker bump. Ideally, these kickers produce a
perfectly closed bump and therefore have no effect on the
stored beam outside the injection region. In practice, it is
very difficult to achieve this, leading to the stored beam
receiving a kick which damps back down on a timescale of
milliseconds, long enough for beamline users to see a noticeable impact on beam quality (Fig. 1).
Unfortunately, reducing the residual kick on the stored
beam also has a detrimental effect on injection efficiency;
although it is possible to reduce the residual motion to well
below the level shown, this also reduces the injection efficiency to below the level allowed for top-up operation.
This problem has become more pronounced during operation at Diamond, which has been traced to problems
with the titanium coating on the ceramic kicker vessels.
Since the kickers have relatively long pulses across three
turns, balancing the residual kick at every point is difficult.
The reduction in dynamic aperture following installation of
the DDBA upgrade [1, 2] has also made balancing residual
kick and injection efficiency more difficult.
It was therefore considered to use a compensating kicker
which can fire after the injection kickers and correct the
residual error. Since the compensating magnet requires
much a lower field, it can be fast enough to fire within a
single turn, or possibly even a single bunch. In the absence
of a suitable magnet in the Diamond ring, the effectiveness
of such a scheme was tested using the existing diagnostics
pinger magnets.

___________________________________________
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Figure 1: Ten seconds of data at the end of a top-up. The
X-ray beam position (top), size (middle), and intensity
(bottom) measured on a fast camera and fluorescent screen
on the I11 beamline. The sample rate is 400Hz. The nominal X-ray beam size, σ, as measured by the camera is
160µm horizontally, 80μm vertically.

COMPENSATING KICKER
Simulations
We started by examining the turn by turn trajectories for
different voltages at the kickers, as they come from data
taken in the machine. These trajectories were fitted which
allows to infer position and angle at every turn. By examining the (x, x’) phase space turn-by-turn evolution at the
pinger location in straight 23 we could identify the turn
when the kicking pulse has to be imparted (x=0 crossing)
and its intensity to zero the angle. Fig. 2 shows the large
oscillations (grey) in the stored beam due to kickers operating at 2800A with an initial motion in x of about +/-2 mm.

Figure 2: Simulated stored beam disturbance with and
without correction.
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INJECTION STUDIES FOR THE PROPOSED DIAMOND-II STORAGE
RING
I. P. S. Martin, H. Ghasem, J. Kennedy, B. Singh, R. Bartolini
Diamond Light Source, Oxfordshire, U.K.

Abstract

4

Diamond Light Source is in the process of designing a
replacement storage ring, with the twin aims of lowering the
emittance of the electron beam whilst increasing the capacity
for insertion device beam-lines [1]. In common with other
similar projects, the available dynamic aperture for this ring
is substantially lower than for the existing ring, and so a
range of possible injection schemes have been considered
[2, 4, 6–12].
For the upgrade, an accumulation injection scheme is preferred over swap-out. This is to avoid the significant drop in
brightness that occurs as the low emittance bunches are replaced by high emittance ones from the injector, and the need
to install and operate a separate accumulator ring in the case
of multi-bunch swap-out. Single bunch swap-out may be feasible, however, this would require 4 ns kickers of sufficient
strength to be developed. At present, the proposed storage
ring design does not provide enough momentum aperture for
longitudinal injection schemes to be considered, meaning
any accumulation must occur in the transverse plane.
The baseline injection scheme is therefore to use an ‘antiseptum’ magnet [4, 5], as originally proposed for the SLS-2
upgrade project [13]. This magnet has a thin 1 mm septum
plate between the stored and injected beams, which in combination with a lowering of the emittance from the booster
allows off-axis accumulation into dynamic apertures as small
as ~4-5 mm. In this paper we describe the implementation
of this scheme for the Diamond-II storage ring, along with
an outline design for a replacement booster synchrotron.

STORAGE RING INJECTION

Injection Scheme
As shown in Fig. 1, the space available for the injected
beam is limited. In the horizontal plane, the combined width
of the stored beam, injected beam and anti-septum plate
must be less than ~4 mm. At this amplitude, the momentum
WEPMP043
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Figure 1: Impact of field and alignment errors on the on
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the Diamond-II storage ring. The space available for the
injected beam is highlighted in black.
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The baseline design for the Diamond-II storage ring consists of a Modified-Hybrid 6-Bend Achromat that combines
the ESRF-EBS low-emittance cell design with the DDBA
mid-straight concept [1–3]. This cell design provides sufficient dynamic aperture to permit an off-axis injection
scheme, provided the emittance of the injected beam is sufficiently low. In this paper we present simulations of an
injection scheme using the anti-septum concept [4, 5], along
with the design of an upgrade to the existing booster synchrotron. Alternative injection strategies are also discussed.
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Figure 2: Diamond-II storage ring injection straight layout.
Kickers are in cyan, quadrupoles are red and the septum /
anti-septum plates are black curves.
aperture is ±1%, which using the expected RF and storage
ring parameters corresponds to a maximum injected bunch
length of ~40 ps rms. In order to satisfy these constraints, a
new booster synchrotron is required. A conceptual design
for the new booster is presented in the next section, for which
the equilibrium emittance at 3.5 GeV is 14 nm.rad.
The proposed layout of the injection straight is shown in
Fig. 2. As with the existing injection scheme, the stored
beam is bumped towards the main septum magnet using four
half-sine kicker magnets (6 µs duration), with the injected
electrons arriving at the peak of the orbit distortion. The
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Mu2e ELECTROSTATIC SEPTA VOLUMETRIC EXCHANGE OF Fc-40
DIELECTRIC IN HIGH RADIATION ENVIRONMENTS∗
M. Alvarez† , A. Deshpande, K. Hunden, V. Nagaslaev‡ , E. Pirtle,
Fermilab, Batavia, IL 60510, USA

Abstract

Two electrostatic septa (ESS) are being designed for the
slow extraction of 8 GeV proton beam for the Mu2e experiment at Fermilab. Special attention is given to the high
voltage feedthrough (HVF), which energizes the cathode
creating the bending field. The FC-40 dielectric fluid, surrounding the HV cable breaks down from radiation exposure,
which reduces its insulating capabilities. The new HVF design focuses on effective replacement of the exposed fluid
and eliminating the stagnant areas of low exchange rate. A
preliminary test using a fully transparent prototype HVF and
water was conducted to understand the volumetric exchange
rate of the high radiation region. Here we discuss the results
of these tests and further studies using the FC-40.

INTRODUCTION

Mu2e experiment requires 8 GeV proton beam to study
rare neutrinoless decays of a muon to an electron. The
delivery of 8 spills every 1.4 seconds with 1E12 protons per
spill is provided by means of resonant slow extraction. Two
ESS will be designed to facilitate the slow extraction. Each
septum will have a cathode that is energized to a nominal
voltage of 100 kV with a gap of 12 mm to achieve a 2 mrad
total kick [1]. It is critical to provide stable voltage at 100
kV. Any drops in the voltage due to dielectric breakdown
can affect the beam quality to the experiment. Dedicated
studies show that FC-40 dielectric properties degrade in high
radiation environments [2] [3] [4]. FC-40 is a branched,
linear and cyclic perfluorinated hydrocarbons having carbon
numbers in the range of C5-C18. 3M lists the hazardous
decomposition byproducts such as hydrogen fluoride and
Perfluoroisobutlylene (PFIB) both of which are very toxic
gases [5]. These byproducts need to be flushed out and
run through chemical filters to safely remove them from the
system. It is imperative that the breakdown of the FC-40 in
the HVF be mitigated by ensuring sufficient mixing within
the volume.

†
‡

Figure 1: Radiation Absorbed Dose for the HVF.
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Feedthrough
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Spring

ABSORBED DOSAGE OF THE HVF

A simplified version of the septum was used in a MARS
simulation to understand the radiation exposure of the HVF
at various locations across the septum [6]. It was determined
that the peak dose is in the range of 1E7 Gy/yr near the leading part of septum. The dosage decreases towards the end of
∗

the septum as seen in Fig 1. Using JPARCs study on fluorine
ion production via radiation exposure [4], 1E7 Gy/yr corresponds to approximately 5ppm/hr of potentially toxic gases
forming in the HVF. Overtime, this gas can potentially displace the FC-40 and cause discharges in the HVF. Thereby
creating more toxic byproducts. The hazardous level, according to the National Research Council (US) Subcommittee on
Acute Exposure Guidelines Level, is 3 ppm of HF in air [7].
It becomes important to minimize this number as much as
possible. Therefore, utilizing the MARS simulation data, the
placement of the HVF was defined and placed downstream
(132 cm) of the leading flange of the septum totaling 182 cm.
Furthermore, the peak dose from the simulation is used to
determine the necessary volumetric exchange of the FC-40
within the HVF.

Operated by Fermi Research Alliance, LLC under Contract No. DEAC0207CH11359 and Grant Award No. LAB 18-1802 with the United States
Department of Energy.
malvare4@fnal.gov
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Figure 2: High Voltage Feedthrough Mechanical Details.
The HVF nominal voltage is 100 kV. Figure 2 shows the
mechanical design of the HVF, which is composed of 304
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HIGHER MULTIPOLES IN 3RD INTEGER RESONANCE EXTRACTION*
V.Nagaslaev†, Fermilab, PO Box 500, Batavia, IL 60510, USA
K.A.Brown, C-AD Dept., BNL, Upton, NY 11973-5000, USA
M.Tomizawa, KEK, Oho 1-1, Tsukuba-Shi, Ibaraki 305-0801, Japan
Abstract
The efficiency of slow extraction is becoming a limiting
factor, as the demand for delivered beam power is constantly growing. New methods for improving extraction efficiency include folding the extraction separatrix using the
higher multipoles. In this report we discuss a simple and
effective approach to determine an optimal placement of
those multipoles in the storage ring. This allows reduction
of the beam losses and therefore, the level of prompt and
residual radioactivity in the accelerator components and
surrounding buildings by as much as 40% or more. We also
explore here manipulating the higher order effects produced in the pure sextupole configurations for the same
purpose and demonstrate that similar results can be
achieved by only rearranging the sextupole magnets in the
lattice.

INTRODUCTION
Here we focus on the concept of increasing the step size
while keeping the beam size confined in the extraction acceptance channel by using higher order multipoles. This
discussion starts with a 1997 conference report [1]. Attention to this technique has grown again recently, as can be
seen in publications [2-8]. Most recently, the method has
been successfully demonstrated in the machine studies at
CERN [9]. The detailed analytical treatment of complex
multipole fields is non-trivial. Because the higher order effects cannot be neglected, the complexity of the non-linear
Hamiltonian formulae is growing very rapidly with the
number of magnets in the lattice. Perturbative Hamiltonian
harmonic analysis was also not effective because of the
large number of significant harmonics [8]. In earlier publications a simplified assumption was implicitly made that
all multipoles can be grouped at one location.
We are using a new and simple approach based on the
single turn mapping, and we demonstrate this approach using tracking simulations. Here we present the results of
case studies for the Fermilab Delivery Ring (DR).

DELIVERY RING LATTICE
The Fermilab Delivery Ring geometry has a 3-fold symmetry, as can be seen in Figure 1. There are three straight
sections and three arcs. The full ring length is approximately 505m. The 114 quadrupole magnets are equally
spaced around the ring, forming a regular FODO structure
___________________________________________
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with nearly 60° phase advance per cell. The dispersion is
suppressed in the straight sections. The detailed description
of the DR lattice can be found elsewhere [10,11].

Figure 1: Delivery Ring and location of the sextupole magnets.
Injection (magnetic septa ISEP and ILAM, and kicker
IKIK) and extraction (Electrostatic septa ESS1 and ESS2,
magnetic septa LAM and CMAG, and orbit bump dipoles
DX1-DX4) devices are all located in straight section SS2030, making this section very crowded. Tune ramping quadrupoles are placed in the middle of each of three straight
sections (not shown in the picture). Two sextupole circuits
with 3 sextupoles in each are placed in straight sections
SS10-60 and SS40-50. Sextupoles are placed near the focusing quadrupoles, which maximizes their driving contributions. Driving contributions of the two circuits are almost orthogonal to each other, which is convenient for tuning the resonance term phase.

TRACKING SIMULATIONS
A simple 2D tracking simulation code has been established to study the phase space formation in slow extraction. Multipole magnets (6 sextupoles plus any additional
multipoles added for this study) were represented with thin
lenses with the appropriate kick to the particle trajectories.
The transport between the multipoles and the reference
point was performed as simple matrix transformation. This
provides a clean way to see the effects of a selected configuration, separated from other nonlinear elements in the machine. Coupling and chromatic effects are neglected in this
tracking.
We also benchmarked the 2D simulations with a more
detailed 6D tracking. This has been done using the universal pyOrbit code developed jointly by ORNL and CERN
[12]. The 6D tracking includes realistic RF tracking and
momentum distribution and considers important effects of
chromaticity, coupling and space charge. It also implements the complete squeeze, so we track the process
through the entire spill.
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DEVELOPMENT OF SPIN ROTATOR AND AN ABSOLUTE
POLARIMETER FOR POLARIZED He-3 AT BNL*
D. Raparia#, G. Atoian, S. Ikeda, R. Lambliase, M. Okamura, A. Poblaguev, J. Ritter, S. Trabocchi,
A. Zelenski, Brookhaven National Laboratory, PO Box 5000, Upton, NY 11974
R. G. Milner and M. Musgrave, Massachusetts Institute of Technology, Cambridge, MA 02139

Abstract

EBIS preinjector will provide longitudinally polarized
He2 ions with about 80% polarization and 5×1011 particles
per bunch at 6 MeV, which must be rotated to vertical direction before ions are injected into the Booster. The 3He2
longitudinal polarization is first rotated to the transverse
direction by the 21.5° bending magnet. Then a solenoid,
spin-rotator, rotates the spin to the vertical direction. The
spin-rotator will be a pulsed solenoid with a reversible field
to enable spin flips. The vertically polarized beam will be
returned back to the straight HEBT line by the system of
three dipole magnets after the spin rotator solenoid. The
polarimeter can be installed in the straight beam line section after the second dipole magnet. To measure transverse
(vertical) polarization of the 3He beam at 5-6 MeV, the spin
correlated asymmetry of 3He scattering on a 4He gas target
(~5 Torr) will be measured with left/right symmetric strip
detectors.

3

line after the EBIS Linac at 6.0 MeV beam energy. Polarization charge particle momentum (p) and spin (s) in the
magnetic field are govern by the Thomas-BMT equations
[2]

Where m, q are the mass and charge of the particle,  is
the relativistic factor, B is magnetic field in the beam direction, B is the magnetic field in transverse plane and
G = -4.18 for the 3He. Initially 3He polarization is parallel
to the beam line, polarization direction will be rotate by a
21.5 o (𝐺γθ = -90o -> θ = 21.5o) pulse dipole to horizontal
direction. Finally, polarization direction changes to vertical
by a switchable pulse solenoid.
The layout for the spin direction alignment system is
shown in Figure 1.

INTODUCTION

A Polarized 3He ion beam in RHIC would enable new,
unique high-energy QCD studies of nucleon structure with
existing polarized proton beams. We have previously developed a concept for a polarized 3He ion source based on
the existing Electron Beam Ionization Source (EBIS) at
Brookhaven National Laboratory (BNL) [1]. Polarized 3He
atoms are polarized via the technique of metastability exchange optical pumping (MEOP) [1] in a glass cell at a
pressure of 1 mbar and directed into the EBIS vacuum system. An intense 10 Amp electron beam in extended EBIS
completely ionizes the polarized atoms, which are then
electrostatically confined in extended EBIS. By pulsing
high voltage electrodes 3He2 ion can be extracted. Extracted ion longitudinally polarized will be accelerated by
an RFQ and IH-Linac to 6 MeV/u. The design goal for the
EBIS preinjector is 5×1011 3He2 per pulse at 80 % polarization.

6

4

3
5

1

4

Figure 1: Layout of the spin rotator chicane. Key: Pulsed
dipole 1, 4, DC dipole 2, 3, Solenoid 5, Polarimeter 6.
Figure 2 to show the beam optics for the 3He2 with 5 mA
and 2 π mm mrad (TRACE3D) for the spin rotation chicane.
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HELIUM-3 SPIN ROTATION

The longitudinally polarized 3He2 beam will be produced
in the EBIS. Polarization must be rotated to vertical direction for polarization measurements and further beam
transport and acceleration in the Booster, AGS and RHIC.
The spin-rotator will enable vertically polarized beam injection to AGS and RHIC. The 3He2 polarization alignment
to the transverse vertical direction can be done in the HEBT
___________________________________________
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Figure 2: Beam optics for 3He2 with 5 mA and 2 π mm
mrad. Beam envelop shown are: Blue - horizontal, Red vertical, Green - longitudinal. Trace3D output.
The spin rotation chicane will have 4 DC quadrupoles,
2 pulse dipole, 2 DC dipole, 1 switchable pulse solenoid,
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SIMULATIONS OF BEAM SHAPING FOR DARK MATTER
EXPERIMENTS AT LCLS-II*
Y. Nosochkov†, C. Hast, T.W. Markiewicz, L.Y. Nicolas, T.O. Raubenheimer, M. Santana-Leitner
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
A new transfer beamline, called S30XL, and an experimental facility are proposed to be built at SLAC, taking
advantage of the LCLS-II free electron laser (FEL) under
construction. The S30XL will operate parasitically to the
FEL by extracting the unused low intensity 4-GeV LCLSII bunches into the existing A-line and the End Station-A
(ESA). This provides a unique capability of multi-GeV
nearly continuous electron beam for a variety of HEP
experiments, in particular the dark matter search experiments. The latter require a very low beam current ranging
from pA to A, as well as a large beam spot at the detector. The necessary beam shaping will be performed using
spoilers and collimators in the A-line, and by optimizing
the optics. FLUKA and elegant codes are used to generate and track the beam into the ESA.

INTRODUCTION
Construction of the LCLS-II [1] free electron laser
(FEL) at SLAC presents a cost-effective opportunity for a
variety of HEP applications including dark matter search
experiments. High-rate electron beams from the LCLS-II
4-GeV superconducting linac (with a possibility of 8-GeV
upgrade) are well suited for this purpose. S30XL (formerly DASEL [2]) is a beamline and detector facility proposed to be built to host such experiments. Two detector
proposals, LDMX [3,4] and SuperHPS [5,6], are being
developed. These experiments require very low beam
charge as well as a large beam spot at the detector. This
beamline directly addresses Priority Research Direction 1
of the recent DOE Basic Research Needs workshop [7].
The S30XL is designed to operate parasitically to the
FEL. The S30XL beamline connects the LCLS-II with the
existing A-line. A fast S30XL kicker placed downstream
of the FEL kickers extracts “dark current” bunches from
the RF gun or low charge bunches intentionally generated
using a 46-MHz laser at the gun. This beam is transported
through the S30XL beamline into the existing A-line and
to the End Station-A (ESA), where the experiments will
take place. Beam parameters in the accelerator and beam
specifications for the LDMX are shown in Table 1.
Adjustment of the bunch charge and the transverse
beam size (shaping) will be performed using spoilers and
collimators in the A-line. This method has been demonstrated in the End Station Test Beam project (ESTB) [8],
where a low charge beam is generated by steering selected LCLS [9] bunches onto a Cu-target upstream of the Aline. The scattered electrons with a wide energy spread
are then transported through the A-line into ESA. Spoilers
____________________________________________
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and collimators in the A-line are used to control the beam
charge and geometrical acceptance. Delivery of individual
electrons per pulse and a factor of 104 reduction in energy
spread had been demonstrated.
Table 1: Beam Parameters in Accelerator, and Beam
Specifications for the LDMX Experiment in ESA
Parameter
Energy
Bunch spacing
Beam current
Bunch charge
Transmission
Norm. emittance
Energy spread
Spot size
Maximum power

Accelerator
4 GeV
5.4-21.5 ns
<25 nA
<3350 e1
1 – 25 m
<2%
‒
55 W

ESA (LDMX)
4 GeV
5.4-21.5 ns
0.1 – 150 pA
0.015 – 20 e510-6 – 610-3
<104 m
<1%
~ 4 × 4 cm2
0.5 W

OPTICS
Nominal optics of the S30XL beamline and the A-line
is shown in Fig. 1. Locations of the aluminum spoiler
PR10 and the momentum slit SL10, used for beam shaping in this study, are indicated by the red lines.

Figure 1: Nominal optics functions of S30XL and A-line,
also showing locations of PR10 and SL10 (red bars).
The S30XL beamline consists of a fast kicker, horizontal septum magnet, three dipoles and 14 quadrupoles
which are compatible with 8 GeV. The A-line contains
twelve strong horizontal dipoles with a total bending
angle of 24°, and eight quadrupoles. For this study, we
add two quadrupoles in the ESA, where the detector will
be located. A notable feature is a very large dispersion at
center of the A-line bending system, where the momentum slit SL10 is located. The 6-m dispersion creates a
large horizontal spread of the electrons with different
energies; this allows to extract electrons with desired
energy by using a sufficiently small horizontal aperture of
the SL10.
WEPMP049
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IMPEDANCE STUDY OF A NEW SEPTUM CHAMBER OF SPEAR3∗
K. Tian† , J. Langton, J. J. Sebek
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
A new in-vacuum Lambertson septum magnet has been
designed for the storage ring as a part of the accelerator
improvement plan for operating a lower emittance lattice in
SPEAR3. Therefore it is necessary to analyze the impedance
eﬀects on the beam from the new septum chamber. Due
to the complex design at the downstream transition of the
septum chamber, the longitudinal impedance is of particular
concern. In this paper, we will present numerical simulation
results for this particular component as well as the general
analysis for the impedance eﬀects of the whole chamber.

INTRODUCTION
SPEAR3 is a 3 GeV, 500 mA, third generation light
source, operating with x = 10 nm lattice. Recent developments in the SPEAR3 lattice enable the storage ring for
lower emittance opeartion with x < 7 nm[1]. In the current
injection line from the booster to SPEAR3, a Lambertsontype septum magnet bends the injected beam into the storage
ring plane while the stored beam passes through undeﬂected
and captures the injected beam. The new lower emittance
lattice has a smaller dynamic aperture than the current operating lattice; therefore it requires the distance between the
kicked stored beam and the injected beam must be reduced
to about . However, the total wall thickness for the current
septum magnet is 6.5 mm. Meeting all of the challenging
speciﬁcations, a new septum magnet has been designed with
the wall thickness of 2.5 mm [2]. As shown in Fig. 1, the new
septum is about 1.4 meters long from ﬂange to ﬂange and
has complex structures to allow the capture of the injected
beam by the stored beam.
Before the installation of of such sophisticated vacuum
components, impedance eﬀects must ﬁrst be examined. We
need to evaluate the consequences of the impedance both
to the beam stability and the local heating of the septum
chamber. Some of these evaluations can be carried out analytically, while others require numerical simulations.

ANALYTICAL ANALYSIS
Many characteristics of the impedance of a vacuum chamber can be analyzed analytically. Such analysis guides the
mechanical design of the chamber. Some design parameters
concern minimizing discontinuities that create short range
wakeﬁelds. Others guide the design and placement of spring
ﬁngers between sections and treatment of the chamber metal
∗
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Figure 1: Section views of the new SPEAR3 injection septum magnet/chamber.
to minimize both impedance and heating. Finally one ensures that the design does not trap any radiofrequency (RF)
modes that could induce inter-bunch instabilities.

Transitions
At a transition, the stored electron beam loses energy
for two reasons. One is the change in the cross-section of
the chamber; a larger cross-section requires the beam to
generate more electromagnetic (EM) ﬁelds to ﬁll that area.
This loss is not important in a ring, as the beam recovers
this energy when the cross-section returns to its original
value. The more serious, and controllable, eﬀect is due to
the radiative diﬀraction of the ﬁelds as they encounter a
transition. Analytical and numerical studies [3] have shown
this eﬀect is characterized by
η=

σB
lσB
l
=
b − a b − a (b − a)2

where b and a are the outer and inner diameters of the taper,
l is its length, and σB is the beam bunch length. Once η > 1
the impedance of the transition is on the asymptote to its
minimum value. Our values of η are 20.2 and 6.1 for the
incoming and outgoing transitions, respectively.

Image Current Distribution
We need to provide a smooth, continuous path for the
beam image current ﬂowing on the chamber walls. We use
conducting ﬁngers to create this path. We need to ensure that
the ﬁngers are densely populated where the current density
is highest.
The image current distribution in a chamber is determined
by the two-dimensional electric ﬁeld distribution created
by the bunch charge. In a parallel plate vacuum chamber,
the current is strongly localized directly above and below
the beam; 98% of the current is centered around the beam,
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PROPOSED HADRON INJECTION INTO
THE FUTURE eRHIC COLLIDER∗
N. Tsoupas† , F. Méot, C. Montag, V. Ptitsyn, D. Trbojevic, F. Willeke, W. Zhang
Brookhaven National Laboratory, Upton, NY, USA
Abstract
The future electron Relativistic Heavy Ion Collider (eRHIC) [1, 2] will collide polarized electrons at energies 5, 10,
and 18 GeV with 250 GeV polarized protons, 210 GeV/u
polarized 3 He ions and other heavy ion species which are
already produced by the ion sources of the RHIC accelerator.
To increase the luminosity during electron hadron collisions
at the interaction points the number of circulating hadron
bunches will increase to 330 and this requires a modification of the injection system for the RHIC accelerator. This
paper describes one of the hadron injection scheme into the
”Yellow” ring of the RHIC collider.

INTRODUCTION
During the RHIC operations the AtR line [3] is being
used to transfer the hadron ions from the AGS to the Blue
and Yellow rings which circulate the hadron ions clockwise
and counterclockwise respectively. Figure 1 is a schematic
diagram of the AtR line with the AGS ring at the bottom
of the figure and the RHIC rings at the top. The switching
magnet of the AtR line (Fig. 1) deflects the beam into either
the X-line for Blue-ring-injection or the Y-line for Yellowring-injection. The eRHIC collider utilizes only the Yellow
ring which at present can accept only 116 bunches. This
limitation in the number of injected bunches comes from
the ∼90 nsec rise-time injection kicker of the beam injection
system [4, 5]. The eRHIC collider will be injected with
330 hadron beam bunches into the Yellow ring therefore a
kicker with ∼18 nsec rise time is needed. To overcome the
limitation of the present kicker’s large rise time it has been
suggested that the Y-line of the AtR line injects the beam
into the section of the Blue ring which will transport the
hadron bunch and inject it to the Yellow ring at the IP4 point
at the center of the 4 o’ clock straight section as shown in
the right picture of Fig. 1.

Figure 1: Schematic diagram of the RHIC collider. (left)
The AGS to RHIC (AtR) transfer line is located between the
AGS and RHIC rings. The switching magnet of the AtR line
deflects the beam into either the X-line for Blue ring injection
or the Y-line for Yellow ring injection. (right) the Y-line will
be extended to join the Blue ring which will transport and
inject the beam at IP4 point of the Yellow ring. The X-line
which is now part of the AtR line will be eliminated.

A closeup view of Fig. 2 is Fig. 3 which shows the survey
points at the location of the 4m long, 38 mrad of bend Lambertson septum magnet. If the Lamberton septum magnet is
off the beam from the Y-line will hit the cryostat of the Y-arc.
Figure 4 is an expanded view of Fig. 3 which shows the
survey coordinates of devices upstream of the Lambertson
septum magnet.

THE Y-INJECTION SYSTEM OF RHIC
Currently the hadron ions are injected into the Yellow
ring from the Y-Line of the AtR beam-transfer line using a
∼38 mrad Labertsons septum magnet as shown in Fig. 2. Upstream of the Lamberton magnet a 3 mrad vertically bending
magnet which bends the beam downwards is followed by six
RHIC quadrupoles which match the AtR beam parameters
to the beam parameters of the Yellow ring at the location of
the 1.7 mrad vertically bending Y-Kicker whose location is
shown in Fig. 2.
∗
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Figure 2: The green, yellow, and blue, traces are the “RHIC
survey coordinates” at the entrance and exit of the elements
which comprise the Y-Line (green), part of the Yellow ring
(yellow) and part of the Blue ring (blue). The location of
the 3 mread vertical bend, the Labmertson septum magnet,
and the1.7 mrad vertically bending Y-kicker is shown on the
figure.
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OPERATIONAL RESULTS OF SIMULTANOUS FOUR-BEAM DELIVERY
AT JEFFERSON LAB*
R. Kazimi, J. M. Grames, A. Hofler, Y. Wang, J. Hansknecht, M. Spata, T. E. Plawski, M. Poelker,
A. Freyberger, Jefferson Lab, Newport News, VA 23606, USA

Abstract
A concept for simultaneous beam delivery to all four CEBAF experimental halls from a single injector and a single
main accelerator for the 12 GeV era was proposed in 2012.
The original 12 GeV beam delivery plan was for a maximum of three experimental halls at a time as in the 6 GeV
era. Therefore, the new concept increases the potential
beam time for the experiments up to 33%. This change, although a major improvement in operational capabilities, required only limited modifications to the existing machine.
The modifications were mainly timing and pattern changes
to the beams in the injector, adding a fourth laser to the
photo-cathode gun, and the addition of new RF separators
to the highest pass of CEBAF. These changes are now complete and, for the first time, the full system is operating,
producing four simultaneous beams through the accelerator to four different destinations. In this paper, in addition
to presenting the results of the full system commissioning,
we will discuss important details about the new configuration plus some of our operational challenges.

BACKGROUND

The 12 GeV upgrade to the Continuous Electron Beam
Accelerator Facility (CEBAF) at Jefferson Lab doubled the
energy reach of the accelerator from 6 GeV. The upgrade
also added a new experimental Hall D to the three existing
Halls A, B and C (Fig. 1) [1].

would be accelerated together through the machine to
eventually be separated and directed to experimental halls
by rf separators also operating at 500 MHz [2].
The same pattern with some upgrades, accounting for
energy increase and extraction to the new hall, could have
been used for the 12 GeV machine and in fact was the original plan. However, that would limit operation to three
beams and three destinations at most. In other words, only
three out of four halls would be receiving beam, and there
would always be at least one experimental hall not receiving beam. In 2012, near the end of 12 GeV upgrade construction, a new beam pattern was proposed that allowed
simultaneous beam delivery to all four halls [3].
This new pattern required modifications only to the injection and the extraction sections of the machine. The
changes for the injection system were the addition of a
fourth laser for Hall D and the addition of a new 250 MHz1
pulse rate for beams. The rf separator extraction system for
lower passes and for separating the beams for Halls A, B,
C at the highest pass, remained at 500 MHz and only upgraded for higher energy. The major change in the extraction system was the addition of a new separator operating
at 750 MHz1 at the highest pass. This new separator, labeled “5th Pass Separator” in Fig. 1, separates the beam for
Hall D to continue around Arc 10 to Hall D.
Different parts of the Four-Hall delivery system were
constructed and commissioned piece-by-piece with minimal impact on the operations of the accelerator over several
subsequent physics run periods. Full Four-Hall operation
was first performed in January 2018 [4], and full Power
Operations (900kW total beam power) to multiple halls
was achieved in April 2018. Figure 2a shows all four beams
downstream of the 750 MHz separator showing the D beam
kicked to the right to continue Arc 10 and the A, B, and C
beams on top of each other to the left for extraction. The
A, B, and C beams are then separated from each other by a
500 MHz vertical separator to go to Halls A, B, and C (Fig.
2b).

Figure 1: The 12 GeV upgrade doubles maximum energy
from 6 GeV and adds a new experimental Hall D.

During the 6 GeV era, the CEBAF accelerator was capable of simultaneously delivering beam to up to three different destinations, Halls A, B and C, extracted at any of the
five passes through the accelerator. This was done by generating three interleaving beams in a photo-cathode electron gun using three lasers pulsing at 500 MHz1 each, one
third of accelerating frequency 1.5 GHz1. These beams
___________________________________________

*Authored by JSA, LLC under U.S. DOE Contract DE-AC05-06OR23177
1
The frequencies are rounded for ease of reading 1.5 GHz for 1.497 GHz,
similarly sub harmonics 750, 500, and 250 for 748.5, 499, and 249.5
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Figure 2: (a) Beam viewer downstream of the new 750
MHz 5th pass separator showing separation of the D beam.
(b) Beam viewer downstream of the 500 MHz separator
showing the vertical separation of the A, B and C beams.
MC2: Photon Sources and Electron Accelerators
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CHARACTERISING INJECTED BEAM DYNAMICS IN THE
AUSTRALIAN SYNCHROTRON STORAGE RING∗
P. A. Bennetto† , ANSTO, Melbourne, Australia

Abstract
The injected beam trajectory at the Australian Synchrotron
needs to be studied to assess the suitability of non-linear
kicker installation. To achieve this, multiple diagnostics
including cameras and radiochromic films were used to determine the position at several points inside the storage ring
tunnels. This was used to infer the momentum data, and
then simulated to model the new kicker installation.

INTRODUCTION

At the Australian Synchrotron, the Bright Project has
recently begun. This will expand our current 10 beamlines
to 18, nearly doubling our capacity. This means that any
spare space in our accelerator straights has become more
important. One method of freeing up space available to us
is the implementation of multipole injection kickers. Our
current kickers operate by providing the stored beam a kick
out of its regular orbit before the new shot is injected, and
then kicking both the injected and stored beam back into the
normal orbit. These kicks are only applied on the horizontal
plane.
Multipole fields have the advantage that at the center, the
field strength is zero. This is how we avoid kicking the stored
beam at all, and to instead apply a correction to only the
injected beam [1]. See Fig. 1.
Unfortunately, this means that the required injected beam
parameters change, so we must know both the position and
momentum of the injected beam to a high degree of accuracy.
While we have a screen and camera set up at the point of
injection, we do not currently have a way to measure the
horizontal momentum of the injected beam relative to the
stored beam.

Figure 1: Multipole field (Navy blue is low intensity).

If the steering magnets in the first sector of the storage ring
are turned off, the injected beam will follow a path that travels

∗
†

past a YAG screen (See Fig. 2) and ends in the beamstop for
what would be a photon beamline at the end of the sector 1
straight. This study uses radiochromic films placed at the
end of this beamstop to detect the horizontal position of the
beam at this beamstop, to then infer the momentum of the
injected beam.

Work supported by ANSTO
paulb@ansto.gov.au
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Figure 2: Image of YAG screen illuminated by beam.

FILM CONFIGURATION
Luckily the Imaging and Medical Beam Line (IMBL) have
provided us with spare expired radiochromic films used for
dosimetry purposes. As we do not require a measurement of
dose, these are perfect for our purposes. A way of mounting
the films was still required however. A coupling mount was
designed in Tinkercad [2] to be 3d printed (See Fig. 3). This
was printed on an industrial 3D printer in PLA plastic and
fit on the flange in the desired position with the film taped
to the front. Arrows designed to indicate positioning were
incorporated into the design, to later provide accuracy in
identifying the beam position. This mount provided a snug
and highly repeatable fit.

Figure 3: Film holder CAD model designed in Tinkercad
for 3D printing(Left) vs the real thing with film (right).
Five shots were taken on each film, both to provide sufficient darkening and to average any variance from shot to
shot.
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STANDARDISING OF APPLICATION SPECIFIC IMPLEMENTATIONS AT
THE AUSTRALIAN SYNCHROTRON
R. B. Hogan, A. Michalczyk, S. Chen, ANSTO, Melbourne, Australia

Abstract
There is a need for a flexible stand-alone device that can
provide a synchronous standard interface, which can
accept application specific add-ons. We are proposing the
Chameleon device that will be designed around a Xilinx
Zynq System on Module (SoM) and a standard VITA 57.1
HPC FMC. The proposed solution will allow the use of
COTS or in-house designed FMC modules and interface
with the control system through PoE+ enabled Ethernet
connection. The Chameleon device will also be able to
plug into a White Rabbit network to enable the high
performance synchronisation capabilities. This device will
reduce the cost of implementing application specific
solutions to better support the growing demands of
scientific research at the Australian Synchrotron.

WHAT DO WE NEED AND WHY

The Australian Synchrotron is in a growth phase with
eight new beamlines expected to come online over the next
few years. With a large increase in performance
requirements from the beamline scientists, includeing a
need to more tightly synchronise devices across the
beamlines driven by a need to achieve more throughput,
better data quality and higher utilisation of the beam time.
In order to meet the continually changing, new and
undetermined requirements; the demand for a versatile
device has been noticed. We condensed requirements from
the beamlines and the accelerator into common application
specific requirements, for example Analogue-to-Digital
Converters (ADC) can come in a range of sample rates and
resolution.
While we were searching for a device that supported all
our requirements we found that the majority of the
application specific interfaces and signal processing (for
example: AC or DC coupled ADCs), are available in
Commercial Off-The-Shelf (COTS) modules in the form
of FMC cards.
But our research of the current market did not provide a
suitable, cost effective solution for a flexible and
standardised instrument; which would accept the FMC
module(s) in addition to the auxiliary circuitry and
interfaces needed to meet our requirements:
 Power over Ethernet (PoE) enabled. Supporting a
minimum of IEE802.11at (25W PoE+).
 A DC input connector for more power than PoE+ can
provide.
 Dual White Rabbit enabled interfaces.
 A Generic clock input and output.
 High Pin Count (HPC) VITA 57.1 (FMC)
 High slew-rate GPIO
 PLC compatible GPIO
 Passive Cooling
WEPGW002
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HOW WE WANT TO DO IT
As there does not currently exist the required solution we
have started exploring other alternatives. We already have
existing platforms in our portfolio which contain a subset
of the features we require. Unfortunately the solutions
which are currently operational require an uneconomical
amount of redesign in order to meet our most basic
requirements. However these platforms can be repurposed
as development platforms to test concepts and construct the
supporting software modules needed to make a new device
viable.
We are planning to develop the software stack needed to
implement communication with our facility wide control
system, EPICS as well as the basic drivers to enable the
read out of simple ADC FMC modules. We have the
opportunity to use the existing work on the Enhanced Orbit
Diagnostic (EOD) project [1] as a starting point for the
software stack. The core processor of the EOD is expected
to be the same for the newly proposed Chameleon
instrument. Due to the commonalities in the interfacing
requirements of the EOD it can serve as a very useful
testbed to very quickly eliminate early bugs which can pose
as a risk to Chameleon system.
In order to help more widely capture requirements from
the community and give the option of collaboration the
Chameleon system information can be found on GitHub
[2].

Figure 1: Proposed chameleon system.

WHAT WILL IT BE
Our initial proposal for what the Chameleon system will
contain is shown in: Figure 1: Proposed chameleon system.
Chameleon is specified to use the White Rabbit (WR)
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HIGH-LEVEL APPLICATIONS FOR THE SIRIUS ACCELERATOR
CONTROL SYSTEM
X. R. Resende ∗ , F. H. de Sá, G. do Prado, L. Liu, A. C. Oliveira,
Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil

Abstract

Sirius is the new 3 GeV low-emittance Brazilian Synchrotron Light source under installation and commissioning
at LNLS. The machine control system is based on EPICS
and when the installation is complete it should have a few
hundred thousand process variables in use. For flexible integration and intuitive control of such sizable system a considerable number of high-level applications, input/output
controllers and graphical user interfaces have been developed, mostly in Python, using a variety of libraries, such
as PyEpics, PCASPy and PyDM. Common support service
applications (Archiver Appliance, Olog, Apache server, a
mongoDB-based configuration server, etc) are used. Matlab
Middle Layer is also an available option to control EPICS
applications. Currently system integration tests are being
performed concomitant with initial phases of accelerator
commissioning and installation. A set of functionalities is
already available: Linac’s control; timing subsystem control;
machine snapshots; optics measurements and correction;
magnets settings and cycling; Booster orbit acquisition and
correction, and so on. From the experience so far, subsystems communications have worked satisfactorily but there
has been a few unexpected component misbehaves. In this
paper we discuss this experience and describe the libraries
and packages used in high-level control system , as well as
the difficulties faced to implement and to operate them.

CONTROL SYSTEM OVERVIEW
The Sirius accelerator control system (SCS) is based on
EPICS [3], version R3.15. All SCS software components
are open-source solutions developed collaboratively using
git version control and are publicly available in the Sirius
organization page [4] at Github.
The naming system used in Sirius for devices and CS properties is based on ESS naming system [5]. It was adopted
and implemented after SINAP had built the Linac, which
uses a different system.
Control room desktop configuration and device application deployment are managed with scripts and Ansible automation tool [6].
Although exclusively not the only programming language,
Python 3.6 is employed for most of the software development
in the HLAs, and also in a considerable part of soft IOC.
Sirius beamlines control system was developed independently but it has a similar software infrastructure [7].

EPICS SUPPORT SERVICES
INTRODUCTION

Sirius is the new synchrotron light source of fourth generation and 3 GeV energy, under construction at Brazilian
Synchrotron Light Laboratory (LNLS) [1]. It is a MBA-type
lattice designed for very low emittance. The machine is in
final phases of the Storage Ring installation and beginning of
Booster subsystems commissioning. Its control system has
been developed over the last few years and it is now being
integrated and tested.
Sirius’s Linac, build by SINAP [2] has been delivered,
commissioned and its control system (CS) successfully integrated in 2018. The Linac-Booster transport line has also
been commissioned last year and, at this moment, the first
hundred turns of beam in the Booster have been achieved.
Alongside these activities, CS architecture validation and
components integration were performed, albeit with yet reduced number of installed devices.
In the next sections of this paper we present an overview
of control system development and we briefly discuss the
EPICS server applications and input/output controllers (IOC)
that give support for the high-level applications (HLA). In
∗

the sequence we detail the architecture of the HLA and its
current development status. Finally we describe how the
integration of the CS has been evolving during machine
commissioning and end the paper with conclusion remarks
on what the next steps are in HLA development and testing.

ximenes.resende@lnls.br
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Various EPICS support service applications are used in
the SCS. All these services run in docker containers to allow
for easy testing, deployment and eventual host migration.
Data archiving, for example, is done with EPICS Archiving Appliance [8]. Currently there are around 20 thousand
process variables (PVs) being archived and ∼100 thousand
channels, with a storage rate of the order of 36 GB/day. The
number of PVs being archived is expected to increase by a
factor of ∼20 when the CS components of the Storage Ring
are added in the near future. The storage rate should go up a
more modest factor though, since the most demanding PVs
(from Storage Ring BPMs) are already being archived for
stress testing purposes.
As for activity logging related to machine installation,
operation, component failures and experiments, Olog [9]
is being used. We are yet to implement a software library
that can be used to automate status log insertions and force
predefined formatting suitable for automated performance
analysis of the machine.
An http Apache [10] server is being used to centralize
distribution of static information for system components.
For example, the flexible CS architecture of magnet power
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WIRE SCANNER FOR HIGH INTENSITY ION BEAM*
A. Beller†, D. Bondoux, F. Bouly, LPSC, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble,
France

Abstract
The goal of the project is to develop a Wire-Scanner
compatible with low energy - high intensity ion beams and
adaptable to various beam chamber diameters. The purpose
is to obtain the 2D beam profile by passing measurement
wires through the beam. Thanks to a high speed passage of
measurement wires, it allows to avoid "disrupting" the
beam passage, and can be considered as a non-destructive
diagnosis. Wires heating and measuring issues have been
solved by using tungsten wires kept in tension by a mechanical system. All driving and signal measurements are
performed by a PXI based system. The synchronization of
the measurements is guaranteed by an analog input board
recovering the wires current and the translator position, the
latter being carried out by a laser sensor. Besides this technological aspect, an optimization algorithm for beam profile reconstruction from measured data under Gaussian hypothesis has been developed. The standalone system and
first experimental results are presented.

INTRODUCTION

During the commissioning and exploitation of a particle
accelerator, beam diagnostics are used to qualify the accelerated particles beam properties. The used diagnostics are
most often destructive. However, a non-destructive measurement tool would be of great benefits for the MYRRHA
(Multi-purpose hYbrid Research Reactor for High-tech
Applications) linac [1] operation and commissioning (especially for the injector). It would allow periodic monitoring of the beam profile with minimized beam perturbations. The envisaged solution is a wire-scanner that is an
almost non-destructive diagnosis [2]. This apparatus consists of a Pfeiffer Vacuum motorized translator with ball
screw driving a fork with three conductor wires of small
diameters. This appliance goes down into the vacuum
chamber and then returns to its initial position. The control
system of the Mitsubishi motor (HG-JR1034B) is ensured
by National Instrument environment composed of a frame
(PXIe-1071) and a motion controller (PXI-7340) with its
motion interface (UMI-7772). Thanks to the linear translation see Fig. 1), the particle beam hits the wires during their
passage and thus this interaction creates a current in each
wire. A LabVIEW program displays a graph of the measured current versus the translator position for each wire.
The measurements synchronization (translator position
and three measured currents) is ensured by an acquisition
board PXIe-4464, owing 4 analog inputs. The laser sensor
OptoNCDT 1420 enables to feedback the translator position with a very good accuracy. The maximum sampling
___________________________________________

* Part of this work had been supported by the European Atomic Energy
Community’s (EURATOM) H2020 Programme under grant agreement
n°662186 (MYRTE project).
† alexis.beller@lpsc.in2p3.fr
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rate is 4 kHz (limited by the laser sensor). By mathematical
reconstruction, the profile of the beam within the vacuum
chamber at the wire-scanner position is evaluated.

Figure 1: Displacement of measurement wires though the
beam.
This wire-scanner was designed for a continuous beam
in MYRRHA LEBT (Low Energy Beam Transport) [3], see
Table 1.
Table 1: Continuous Beam Characteristics of MYRRHA
LEBT

Characteristic
Energy E
Intensity I
RMS transverse beam size σ

Values
30 keV
3.5-10 mA
10-20 mm

The "worst case" of LEBT beam is E=30 keV; I=10 mA;
σx= σy=10 mm.

CHOICE OF WIRE’S MATERIAL
The choice depends of the admissible temperature limit
and of the current recovery performance when the wires
pass through the beam. Generally, the measuring wires are
carbon or tungsten wires. For the simulations, the diameter
for carbon is 33 µm and 80 µm for tungsten.

Estimated Current

About the current recovery, the measurement is based on
SEY (Secondary Emission Yield) evaluation given by [4]:


1
dE
(1)
el 1 
SEY  0.01 Ls

6
dx
 1  (5.4 10 E A p ) 
(2)
Ls  (3.68  1017 NZ1 3 )1
��

Where |�� is electronic energy loss (eV/cm), E is the
��
kinetic energy (eV), Ap is mass of the particle (amu), N is
the number of atoms per unit volume (atoms/cm3) and Z is
the atomic number (-). At 30 keV, the estimated SEY evaluation is near 4 for these two materials. It means that: for
one proton, which interacts with the wire material, 4 secondary electrons should be emitted. The production of secondary electron is proportional to the number of incident
proton. Using SEY evaluation enables to estimate the current and then, to size the preamplifier for the wire current.
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DEVELOPMENT OF A BEAM LOSS MONITOR AND TRANSVERSE
BEAM DYNAMICS STUDIES AT ARRONAX C70XP CYCLOTRON.
Atul Sengar∗ , F. Poirier, Cyclotron ARRONAX, Saint-Herblain, France
F. Haddad, Laboratoire SUBATECH UMR 6457, Nantes, France
C.Koumeir, F.Gomez-Serrito, X. Goiziou, Cyclotron ARRONAX, Saint-Herblain, France

Abstract

The ARRONAX Interest Public Group uses a multiparticle, high energy and high intensity industrial accelerator
which has several beam lines used for various purposes. For
improvement of operations, ARRONAX has fostered and
installed robust air-based Beam Loss Monitors (BLMs) outside the beam pipes. BLMs consist of four active detecting
plates and are integrated within the experimental physics
and industrial control system (EPICS [1]) monitoring and
data acquisition system. Each BLM has been tested for the
pre-commissioning phase with beams at low intensity (600
pA to 6 nA on target). Comparative studies and selection
of the BLMs has led to their installation at high intensity
beam lines. BLMs are now used in beam dynamics studies
to investigate transverse characteristics while in regular operation. They support present and future operations extension
foreseen at ARRONAX.
The results from experimental studies on BLMs at low beam
intensity and status of beam dynamics studies at high intensity (µA) are presented here.
Keywords: BLM, beam dynamics, EPICS, Gas ionization
detector, Cyclotron, Proton.

INTRODUCTION

The ARRONAX cyclotron operation described in [2] relies on a few limited number of standard diagnostics for high
intensity (100s µA) irradiation of targets which are dedicated
mostly to medical radio-isotopes production. It has been
proposed to extend the diagnostics for machine protection
with robust air-based Beam Loss Monitors (BLM [3]) based
on a design by iThemba labs [4].BLM of such kind never
used before by any accelerator. These monitors have been
tested at a low intensity beam line before being installed on
the beam lines where high intensity irradiation occur and
they are now part of a global study to help mitigate losses.
This latter study also include quadrupole scan technique to
verify adequate operation configurations.

Figure 1: BLM connection flow chart.

BLM TEST (PRE-COMMISSIONING
PHASE)
Six BLM have been built. In order to perform geometrical, stability, repeatability and comparative studies, various
experimental tests were performed at low intensity beam line
with beam intensities ranging from 600 pA to 6 nA. This
is done such that a selection of BLM with similar response
can be applied before installation to high intensity beam
lines. For these tests, the BLMs were installed a few cm
downstream the exit of the beam line on a moveable table.
This table has 2 degrees of freedom (vertical-axis translation
and rotation). The experimental setup (see Fig. 2) includes
a "Harmattan R928" photomultiplier detector (light detector), used as a proton beam intensity monitoring reference
(light emission by proton interactions with matter [7]) and
a large instrumented beam dump 0.5% uncertainty verified
aluminum Faraday cup at used beam intensity as shown in
Fig. 2.

Figure 2: BLM test experimental setup.

BLM INTEGRATION

A 12-channel SY5527LC CAEN power supply provide
the required voltage to the BLM differential plates when
located in the beam lines. The readout electronics, provided
by iThemba Labs is based on beaglebone (BB) board [5]
running Ubuntu- 8 and 48 channel board (BB8 and BB48)
are available and integrated within the EPICS (see Fig. 1).
Operators can control both voltage supply to BLMs and
∗

BB device settings with CS-Studio [6]’s Operator Interface
(OPI).

sengar@arronax-nantes.fr
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Four BLMs were tested under irradiation. The fifth and
sixth BLM were not selected due to improper wiring connection at the time of tests. Some experiments were performed twice or thrice to check the repeatability of our results. BLMs were tested with BB8 being connected with 20
m BNC cables. Types of experiment performed on BLM are
listed below:
• Beam irradiating the BLM (direct) for geometrical and
repeatability studies. Fixed intensity beam irradiation
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PROGRESS OF THE MACHINE CONTROL UPGRADE AT COSY/JÜLICH
I. Bekman, C. Böhme, R. Gebel, V. Kamerdzhiev, B. Lorentz, P. Niedermayer,
M. Simon, M. Thelen, Forschungszentrum Jülich, IKP-4, Jülich, Germany
R. Modic, Ž. Oven, Cosylab, Ljubljana, Slovenia
Abstract
The Cooler Synchrotron COSY [1] operated at the Research Center Jülich is undergoing staged machine control
upgrades driven by the requirements of the JEDI (Jülich
Electric Dipole moment Investigations) collaboration [2].
The upgrades aim towards better beam control e.g. beam
orbit, tune, and chromaticity control improvements. A better orbit control was achieved through the upgrade of BPM
electronics and migration from initial Tcl/Tk based control
system to Control System Studio (CSS) utilizing EPICS [3].
Currently, a design for improved beam tune control is in development. The main part of work is the transition towards a
faster and less restrictive magnet control. It further includes
improved tune measurement tools as well as the migration
of control for quadrupole magnets to EPICS. Ultimately the
control of all systems should be centralized around EPICS
to enable ease of operation, automation, setup of services,
etc. The decision path, technical details of the upgrade and
performance of the upgraded sub-systems are presented. We
also showcase how the COSY team’s physics and research
goals are complemented by Cosylab’s technical design and
implementation to form a synergetic collaboration.

INTRODUCTION
The Cooler Synchrotron COSY-Jülich was taken into operation in 1993 [1]. COSY was operated 24/7 as a user facility until 2014 providing polarized and unpolarized particle
beams to a community of scientists primarily concentrated
around the universities in the federal state of North RhineWestphalia, Germany and international users. COSY is a
multipurpose facility serving experiments that use beams
circulating in the storage ring or extracted and transported
to three external experimental stations. Special emphasis
is made on beam cooling [4] [5], ultra-slow extraction [6],
spin control [7] and operation of internal targets of different
types [8]. Since 2014 COSY is a test facility for FAIR and
precision experiments. Electron and stochastic beam cooling, beam instrumentation, cluster-jet target technologies
are developed and tested at COSY. The JEDI collaboration
uses the facility for research and developments towards a
dedicated high-precision EDM storage ring and a first measurement as proof-of-principle at COSY.
The machine control system was developed in-house. During initial commissioning and first years of operation HP-UX
running on HP-9000 workstations was used. The front-end
hardware was mainly based on VME and G64 bus systems.
A Real-time operating system (RT/OS) was developed at
COSY for the VME systems. The Single Command Single
Response (SCSR) data exchange protocol is a major com-

ponent of RT/OS. Most of the GUIs were written in Tcl/Tk.
To minimize the cost of technical support the control system
was migrated to SuSE 8 running on Intel PC in 2002. Later
on OpenSUSE and Ubuntu were used.
In the early phase of the control system design a decision
was made to use Ethernet as the main transport mechanism.
This fact had many implications, as the availability of the
Ethernet-capable hardware was rather limited at that time.
On the other hand, this is a significant advantage for the
upgrade presented here.

UPGRADE MOTIVATION
With the JEDI experiment new requirements concerning
the overall RMS beam orbit deviation were introduced [9].
Therefore an automated beam orbit control system had to be
developed. Furthermore, other components were identified
being in need to be upgraded or to be added. One example
is the analog BPM readout electronics, whose signal offsets prevented an accurate position determination especially
around the 0 position. The decision was made, instead of
implementing the new sub-systems and features into the old
control system, to upgrade the latter in a step-wise manner, in
order to avoid long down-times of the machine. In addition
the following considerations were taken into account:
• Add a logging and archiving mechanism
• Use software developed and supported by a larger community
• Software and compatible hardware available without
protocol adaption
In order to satisfy the above mentioned requirements EPICS
was chosen as new control system environment.

ORBIT CORRECTION
IMPLEMENTATION
At COSY, the orbit can be measured using beam position
monitors (BPM) and corrected using steerer magnets. The
orbit correction controller has to synchronize with COSY
operating cycles. A typical cycle is depicted in Fig. 1.

Figure 1: Schematic COSY operation cycle.
It starts with injection, followed by a synchronous ramping
of the magnets initiated by a timing signal and ends with
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FIBER BEAM LOSS MONITORS AT MAMI∗
M. Dehn† , P. Achenbach, I. Beltschikow, O. Corell, P. Gülker, W. Lauth, M. Mauch
Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55128 Mainz, Germany
Abstract
At the 14 MeV stage of the 1508 MeV cascaded racetrack
microtron accelerator Mainz Microtron (MAMI) fiber beam
loss monitors with multi-anode photomultipliers (ma-PMTs)
have been successfully tested. The combination of individual fibers for each recirculation beam pipe with ma-PMTs
allows to detect beam losses turn by turn in the order of
10−4 or even lower which cannot be accomplished with the
already existing beam diagnostics. This kind of beam loss
monitor might be an alternative to ionisation chambers for
the new Mainz Energy Recovering Superconducting Accelerator (MESA).

INTRODUCTION
The Mainz Microtron (MAMI) is an electron accelerator
for up to 1508 MeV at up to 100 µA operated in CW [1]. Directly next to this accelerator the Mainz Energy-Recovering
Superconducting Accelerator (MESA) will be built soon.
This new accelerator will deliver up to 105 MeV electrons
with the multiturn ERL mode at up to 1 mA beam current or
155 MeV polarised electrons at up to 150 µA for experiments
with external beam [2].
The development of many devices foreseen for MESA
does benefit a lot of the MAMI accelerator which can be
used as a testing facility. This begins with very simple components like luminescent screens and ends with complex
detector systems which will be used for the experimental
data acquisition.

Detectors and Monitor Systems
One of these systems is the fiber detector system which
was originally developed for the Kaon spectrometer (KAOS)
at MAMI [3]. Together with four multi-anode photomultipliers (Hamamatsu R7259K(S)) with HVSys512 HV supply,
the detector system was extended with 16 NINO ASICs [4]
and four FPGAs. As many as 128 channels can be combined
in a very flexible configuration (i.e. in coincidence with an
external trigger or coincidence between different fibers) [5].
At MESA a dedicated setup consisting of a few of these
systems will be used within the MAGIX experimental setup
and the beam dump experiment (DarkMESA) [6].
However, the demands for beam diagnostic elements for
the MESA accelerator also makes new developments necessary. To prevent damages by beam losses at MAMI a
dedicated system of up to 32 ionisation chambers is used
to continuously monitor beam losses. This system is very
robust (full beam loss at 100 µA) and at the same time very
sensitive (down to a few pA).
∗
†
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The (slow) analogue readout and interlock generator
presently used at MAMI complicates the observation of
time-correlated or transient events. For MESA this may be
important for helicity correlated beam losses while the accelerator is run with polarised electrons during parity violating
electron scattering experiments or during pulsed operation
to ramp up the beam current in ERL mode.
While being relatively small (approx. 50×35×5 cm3 ) they
have been mounted at strategic positions where beam losses
are likely to occur (for example at the end of the linac axis
of the microtrons). Figure 1 shows the position of the two
important ionisation chambers in Hall A. The beam losses
of the fiber system is compared to the beam losses detected
by these ionisation chambers.

Figure 1: Position of the two ionisation chambers chambers
with respect to the beam line and the accelerator components
in Hall A of MAMI and the area with the fibers at the RTM1.

TEST INSTALLATION AT MAMI
To test and improve this detector system it has been installed at the first stage of the MAMI accelerator (at the
14 MeV RTM1, see Fig. 1). The experimental setup covers the 3.5 MeV injection and seventeen return paths of the
RTM1. For simplicity the fibers have been loosely attached
on top of the vacuum system to be able to remove everything
later without destroying parts (see Figs. 2 and 3).

Analogue Signals
The fibers have been connected to the PMT directly. The
PMT was operated at -850 V which gave reasonable signals
even at lowest beam loss rates. Between the PMT and the
four NINO ASICs two 16 channel buffer boards were installed (gain factor of 2) to split the signals for an analogue
output and for the NINO ASICs. This allows to discriminate
all 32 channels of the PMT (only 18 of them are used).
Using external DACs the thresholds of the NINO ASICs
have been optimised to get lowest counting rates without
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DEVELOPMENT OF THE ELECTRON BEAM PROBE
FOR HADRON SYNCHROTRONS*
M. Droba†, C. Hübinger, O. Meusel, K. I. Thoma, H. Podlech,
IAP, Goethe University, Frankfurt am Main, Germany
O.R. Jones, M. Wendt, F. Zimmermann, CERN, Geneva, Switzerland

Abstract
Non-invasive diagnostics is essential to get important information about intense hadron beams, e.g. the transverse
beam profile, which is indispensable in order to attain high
brilliance and luminosity for upgrades on present machines
and for future projects. Furthermore, it can be used to optimise parameter settings in environment of the running machine.
An electron beam probe (EBP) is a beam diagnostics instrument which scans a low energy, low current electron
beam through a hadron beam and obtains information from
the detected response. The electrons are shot perpendicular
through the hadron beam to be examined, which causes deflection in the beam potential of the intense hadron bunch,
that needs to be detected and further analysed.
We propose to build the EBP scanning apparatus for synchrotrons under ultra-high vacuum condition. The results
of multi particle simulations evaluating limitations the expected measurement potential and limitations are presented. This work will be performed in collaboration with
CERN.

INTRODUCTION

CERN operates two large ring accelerators used for high
energy physics (HEP) experiments, the Super Proton Synchrotron (SPS) with beam energies up to 450 GeV/c, and
the Large Hadron Collider (LHC) operating at 7 TeV/c per
beam. Furthermore, a Future Circular Collider (FCC-hh),
currently under study at CERN [1], can have energies up to
50 TeV/c per hadron beam. To maximize the luminosity
ℒ=

𝑛 𝑛 𝑓 𝑁
4𝜋𝜎 𝜎

at the interaction points (IP) of a particle collider, the beam
intensity of both colliding beams needs to be maximized:
𝑛 , 𝑛 being the number of particles per bunch in each
beam, 𝑁 the number of colliding bunches; while their
transverse beam size needs to be minimized: 𝜎 , 𝜎 being
the RMS size of the Gaussian horizontal and vertical crosssection beam profiles respectively.
The measurement of the transverse beam profile is particularly challenging in such high energy, high intensity
machines. The instrument of choice for accurate measurements is a wire-scanner, where a thin wire some tens of
microns in diameter is scanned through the beam with time
evolution of the secondary shower created during the scan
used to measure the profile. Unfortunately, due to the high
___________________________________________
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power in the stored beam, this wire-scanner method is limited to a few percent of the nominal LHC beam intensity
due to wire over-heating and superconducting magnet
quench effects caused by the secondary shower [2]. Other
transverse beam profile measurement methods exist for
these high energies, including using synchrotron radiation,
i.e. imaging the synchrotron light as the high energy hadron
beam passes through a dipole or dedicated undulator [3].
However, due to a variety of effects, including imaging beyond the diffraction limit, changing synchrotron radiation
source points, RF heating of the light extraction mirror, mechanical tolerances, etc., cross calibration with the wirescanner is still required to give accurate results. Several
other non or minimally invasive beam profile monitoring
methods are currently being tested or investigated [4], all
with their individual strong points and disadvantages.
The electron beam probe is another possible technique
that has already been shown to be an asset for very high
intensity hadron machines [5, 6] and for relativistic electron beams [7]. However, all of them are dependent on a
particular case, specific conditions (bunch length, dimensions, particle density, scanning time) and the tasks to be
fulfilled.
At IAP, we focus our effort on research, development
and testing of the advanced concepts and techniques for the
EBP, which can be used for the accelerators at CERN. The
possibilities of the production modulated electron beamlets, their detection and experimental phase space analysis
will be examined. Experiments at test bench and comparison with simulations are planned to test various concepts
(sheet beam, rapid and slow scanning procedure, modulation) and their limitations.
In this contribution we investigate the use of a non-invasive coulomb scattering method between the high-power
hadron beam and a scanning low power electron beam, following on from the successful operational of such a device
at both for the collector ring of the spallation neutron
source (SNS, US) [5] and more recently the main ring injector at Fermilab, US [6]. We discuss the general layout of
the EBP, first simulations and the experimental setups at
IAP, which will be used in the framework of the project.

EBP FUNCTIONAL PRINCIPLE
Figure 1 shows the principle behind a scanning EPB. The
projected trace after coulomb scattering with the hadron
beam is proportional to the integrated transverse beam profile (Fig. 2). A low energy (E < 20 keV), low current (I ~
1 mA) electron beam is shot transversally through the circulating high energy hadron beams. An electrostatic de-
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DIAGNOSTICS AND FIRST BEAM MEASUREMENTS AT FLUTE
T. Schmelzer∗ , A. Bernhard, A. Böhm, E. Bründermann, S. Funkner, B. Haerer, I. Kriznar,
A. Malygin, S. Marsching, W. Mexner, M.J. Nasse, G. Niehues, R. Ruprecht, M. Schuh,
N. J. Smale, P. Wesolowski, M. Yan, A.-S. Müller
Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract

FLUTE (Ferninfrarot Linac- Und Test-Experiment) is a
compact versatile linear accelerator at the Karlsruhe Institute
of Technology (KIT). It serves as a platform for a variety
of accelerator studies as well as a source of strong ultrashort THz pulses for photon science [1]. In the commissioning phase of the 7 MeV low energy section the electron
bunches are used to test the different diagnostics systems installed in this section. An example is the split-ring-resonatorexperiment [2]. In this contribution we report on the commissioning status of the beam diagnostics and present first
beam measurements at FLUTE.

BEAM DIAGNOSTICS

Various beam diagnostics for the measurement of the electron bunch charge, the transverse beam profile and position
are installed in the low energy section of FLUTE, which is
currently under commissioning [3, 4]. Before discussing the
first beam measurements in this paper, an overview of the
different diagnostic components are given.

Faraday Cup
A second charge measuring device in the low energy
section of FLUTE is the Faraday Cup FARC-04 from RadiaBeam Technologies. For the commissioning phase of
this section it is mounted instead of the linac, 3.05 m after
the cathode surface. Eventually, the Faraday cup will be
mounted at the end of the spectrometer pipe as it is shown in
Fig. 1. The device is connected directly to an oscilloscope
for the first measurements. For the charge value the integral
of the signal is measured, where we obtained charges up to
5 pC.

Beam Position Monitor
In the low energy section three beam-position monitors
(BPM) are installed. Two are placed in the straight beam
pipe, 0.9 m and 2.61 m, after the cathode surface. To facilitate energy measurements, the third BPM is positioned
2.6 meters after the cathode in the spectrometer pipe (see
Fig. 1). These cavity BPMs of type BPM38 are designed
and supplied by the Paul-Scherrer-Institute (PSI) [5]. The
transversal position and the charge of the bunch are provided
by the readout electronics. In comparison to the other charge
measurements at FLUTE the first BPM after the e-gun shows
charges up to 5 pC, and around 15 % less at the downstream
BPM.

Figure 1: Schematic drawing of the low energy section, including all planned beam diagnostics. A complete overview
is given in [4].

Turbo-ICT
For precise charge measurement we are using a Turbo
Integrating Charge Transformer (Turbo-ICT) from Bergoz
Instrumentation. This device has a sub-pC resolution and a
noise floor of 10 fC rms, which is needed for the low charge
operation mode of 1 pC. The Turbo-ICT is working in the
∗

frequency domain and thus suppresses signals other than the
electron beam. This includes noise from electromagnetic
pulses (EMP) and dark current from the e-gun, which was already verified in the commissioning of the beam diagnostics.
The position of the Turbo-ICT is 1.13 m from the cathode
surface of the e-gun. Depending on the settings of solenoid,
laser power and RF accelerating field in the e-gun, the charge
measurement reached 7 pC so far. For control and readout
the company provides a LabVIEW interface, but the raw
charge signal is also captured during operation.
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Screen Monitors
In order to get information about the transversal beam
profile, two screen monitor systems have been installed in
the low energy section, which were used at the SwissFEL
Injector Test Facility [6]. They consist of a screen holder
and an optical box. The screen holder is motorized and
has three slots which can be positioned in the electron path.
The screens are: a cerium-doped yttrium aluminum garnet
(YAG) crystal for scintillation light and an aluminum-coated
silicon mirror for optical transition radiation (OTR). For the
calibration of the camera system a calibration target from
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DEVELOPMENT OF A SILICON STRIP DETECTOR FOR NOVEL
ACCELERATORS AT SINBAD
S. Jaster-Merz∗1 , R. W. Assmann, F. Burkart, U. Dorda, U. Kraemer, E. Panofski, M. Stanitzki
DESY, Hamburg, Germany
1 also at University of Hamburg, Hamburg, Germany
Abstract
At the SINBAD facility (DESY Hamburg), novel particle acceleration techniques like dielectric laser acceleration
(DLA) structures will be tested using the ARES linac. Due
to the small size of these structures, the accelerated electron
beams only have a very low (sub-pC) charge. To determine
the energy distribution of these beams, a silicon strip detector for the ARES linac spectrometer is currently under
development. This detector fulfils the requirements of high
spatial resolution for low charge density beams. The detector
consists of two 1 cm × 1 cm silicon strip sensors and readout
components. The design of the detector, its components
and an estimate of its behaviour for a specific electron beam
distribution are presented and discussed.

position is shown in Fig. 1. Downstream of the spectrometer
dipole, where the beam energy spectrum is spatially spread
out, electron densities below 7 electrons per µm2 area are expected. To measure these energy spectra with a good spatial
resolution a dedicated detector based on silicon strip sensors
is currently under development.

This is a preprint — the final version is published with IOP

INTRODUCTION
SINBAD (Short and INovative Bunches and Accelerators at Desy) [1] is a dedicated accelerator R&D facility at
DESY hosting ARES (Accelerator Research Experiment at
Sinbad) [2], a 100 MeV S-band electron linac which is currently under commissioning. The ARES linac is designed
to test novel acceleration techniques, such as plasma acceleration or dielectric laser acceleration (DLA), which are
characterized by small (µm scale) apertures and acceleration periods. ARES therefore aims at delivering electron
beams with unique properties such as ultra short bunches
with fs to sub-fs duration and low charges (0.3 - 30 pC)
[1] with an arrival time jitter of ∼ 10 fs [3]. It will run in
single bunch mode with a repetition rate up to 50 Hz [1].
First experiments at ARES include studies of DLAs in the
scope of the ACHIP (Accelerator on a Chip International
Program) [4] collaboration. ACHIP foresees to use dual grating type DLA structures to accelerate electrons produced at
the ARES linac. The DLA structures have an aperture in the
µm range and transmit electron bunches in the pC range [5].
The shortness of the ARES bunches allows electron injection to a limited accelerating phase range in the dielectric,
resulting in net acceleration. One considered working point
at ARES foresees injection to the DLA with a ∼ 52 MeV and
0.5 pC charge beam. The minimum expected energy gain
is 450 keV [6]. The beam energy spectrum after the DLA
can be measured with the ARES spectrometer setup. The
electron distribution in x and y dimensions at the position
of the detector for the 0.5 pC case as well as the number
of electrons integrated over the whole y range and the corresponding charge of the electron spectrum at a certain x
∗
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Figure 1: a) Electron beam distribution in x and y dimensions. The number of electrons per µm2 is displayed with a
bin size of (120 × 5) µm2 . b) Electron beam distribution in
x dimension integrated over the whole y range. A bin width
of 225 µm was chosen to match the detector readout channel
width. Both distributions are displayed at the position of the
detector for a 0.5 pC ACHIP working point.

DESIGN OF THE STRIDENAS DETECTOR
The STRIDENAS (STRIp DEtector for Novel Accelerators at Sinbad) detector is being developed as an internal
DESY collaboration, combining the expertise of the accelerator R&D, detector and different manufacturing groups.
It uses two sensors which are mounted and bonded to a
printed circuit board (PCB). The readout is done by four
charge-to-digital converters which can be connected to a
computer. The detector aims at measuring electrons in an
area of around 2 cm × 1 cm with a spatial resolution in the
100 µm range and a dynamic range for incoming electrons
between ∼ 10 - 234 000 electrons (1.6 ×10−3 fC - 37.5 fC)
per 224 µm width.
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VERTICAL BEAM SIZE MEASUREMENT METHODS AT THE BESSY II
STORAGE RING AND THEIR RESOLUTION LIMITS
M. Koopmans∗†1 , F. Armborst†1 , J.-G. Hwang, A. Jankowiak1 , P. Kuske, M. Ries, G. Schiwietz
Helmholtz-Zentrum Berlin für Materialien und Energie GmbH (HZB), Berlin, Germany
1 also at Humboldt-Universität zu Berlin, Berlin, Germany
Abstract
With the VSR upgrade for the BESSY II electron storage
ring bunch resolved diagnostics are required for machine
commissioning and to ensure the long-term quality and stability of operation. For transverse beam size measurements
we are going to use an interferometric method, which will
be combined with a fast gated intensified CCD camera at
a subsequent stage. A double-slit interferometer method
has already been verified successfully at BESSY II. In addition first 2D bunch resolved measurement tests have been
performed at the dedicated diagnostics beamline for bunch
length measurements. Measurements of the interferometer
and X-ray pinholes as a function of a vertical electron beam
excitation are compared in this paper.

INTRODUCTION
The upgrade project of the BESSY II storage ring towards
the variable pulse length storage ring BESSY VSR relies on
intense short pulses as well as high average photon flux simultaneously [1, 2]. The filling pattern will feature bunches
varying in length, current, and charge density over an order of magnitude. This variation will also cause different
transverse beam sizes for the various bunch types. Therefore
non-invasive bunch resolved diagnostics are needed for the
commissioning and development of BESSY VSR providing
long term quality and stability of user operation. Dedicated
diagnostic beamlines are under development [3].
The transverse beam size is monitored with two pinhole
systems [4] at BESSY II. In addition an interferometric beam
size monitor (IBSM) has been set up and successfully commissioned for various applications [5, 6]. These systems are
not able to measure bunch resolved beam sizes yet, but it is
planned to move the IBSM to the new VSR diagnostics beamline and upgrade the system applying gating techniques, e. g.
with an ICCD camera, which then allows bunch resolved
measurements [3]. In contrast to the IBSM, the pinhole systems cannot be upgraded easily to provide bunch resolved
information, since they are based on a slow conversion process of X-rays into visible light.
This paper focuses on comparing the beam sizes measured
with the pinhole systems and the IBSM for a variable source
size. These measurements are combined with data from
beam loss monitors. Using the loss rate as another beam
size dependent parameter, the resolution limit of different
systems can be extracted. In addition first results towards
∗
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2D bunch resolved measurements at the new VSR beamline
dedicated for bunch length measurements are shown.

TRANSVERSE BEAM SIZE
MEASUREMENTS
Measurement Systems
The two pinhole systems (PINH3, PINH9) use direct imaging with X-rays, with a mean energy of 16.33 keV to measure
the beam size. The X-rays are then converted to visible light
by a phosphor screen and imaged onto a CCD camera [4].
The Interferometer uses synchrotron radiation (SR) in the
visible range from a bending magnet. The light is diffracted
by a double slit and is then imaged onto a CCD camera using
a bandpass and a polarisation filter. The interference pattern
on the detector plane can be described with [7]:




2πd
2 πa
x 1 + V cos
x + ψ , (1)
I(x) = I0 sinc
λf
λf
where x is the position at the detector, a the full single slit
width, d the full slit distance, f the distance between the lens
and the detector surface, λ the wavelength, ψ the relative
photon phase, I0 the intensity at the slits and V the so called
visibility. Given the distance L to the source and assuming
Gaussian beams and equal intensity at both slits, the beam
size can be obtained from the fitted visibility via [6, 7]
s
 
λL 1
1
σx =
ln
.
(2)
πd 2
V

Vertical Beam Size Measurement
The performance of the systems is tested by measuring
the beam size over a larger range. We will only consider
measurements in vertical direction, since it is easier to manipulate the beam size in the vertical direction. At the BESSY II
storage ring the vertical beam size can be varied by applying
a vertical excitation U with a broadband noise signal [6].
The measurement of the vertical beam size with both
pinhole systems and the interferometer as a function of the
excitation is shown in Fig. 1. The measurement was done in
standard user optics with 250 mA beam current.
While the IBSM measures the widest range of beam sizes,
all three systems produce different measurements and behave
differently when varying the beam size. These differences
cannot be explained with the differences of the twiss parameters [8] at the source point, since they are similar for all
three systems, and imply different resolution limits for each
system.
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A NON-INVASIVE THz SPECTROMETER FOR BUNCH LENGTH
CHARACTERIZATION AT EUROPEAN XFEL
N. M. Lockmann∗ , Ch. Gerth, P. Peier† , B. Schmidt, S. Wesch
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
Abstract

INTRODUCTION
The European X-ray Free-Electron Laser is driven by a
superconducting linear accelerator generating femtosecond
electron bunches with energies of up to 17.5 GeV. Every
100 ms bunch trains of up to 2700 electron bunches can
be accelerated with a repetition rate of 4.5 MHz and are
distributed to the three undulator beamlines [1].
A widely used diagnostic for the temporal properties of
electron bunches in X-ray free-electron lasers is the detection of coherent transition or diﬀraction radiation (DR) in
the Terahertz and infrared regime. As the spectral intensity
distribution is described by the longitudinal form factor Fl ,
which is the Fourier transform of the normalized current proﬁle, measuring the spectral intensity distribution yields information about the longitudinal bunch shape. For this purpose,
a single-shot multi-channel spectrometer has been developed
at DESY, which covers the spectral range from 0.7 THz to
6.6 THz and 6.6 THz to 60 THz (5 μm - 45 μm and 45 μm 450 μm) with two diﬀerent grating sets [2]. Bunch length
diagnostics is routinely being carried out at a transition radiation beamline at the free-electron laser FLASH [3].
Whereas at FLASH a fast magnetic kicker deﬂects one
bunch of the bunch train onto a screen, at European XFEL
the higher electron energies oﬀer the use of a diﬀraction radiator with a 5 mm aperture. Here, the intensity above 10 THz
is still suﬃcient. This is not the case for the electron beam
energies at FLASH. The diﬀerence in the spectral intensity
distribution of DR at diﬀerence electron beam energies and
transition radiation is illustrated in Fig. 1. Thus, the form
∗
†
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The European X-ray Free-Electron Laser provides one
of the most powerful X-ray laser pulses to a wide range of
experiments. These experiments strongly beneﬁt from the
exact knowledge of the electron bunch current proﬁle and demand for stable and shortest-possible pulse lengths. During
the 2018 summer shutdown, the 4-staged grating spectrometer CRISP has been installed at a diﬀraction radiation (DR)
beamline just upstream of the undulator beamline switchyard.
The DR at ﬁnal electron beam energies of up to 17.5 GeV
enables non-invasive bunch length characterization based
on form factor measurements down to a few micrometers.
Fast detectors and electronics allow for the characterization
of the whole bunch train with repetition rates above 1 MHz.
This contribution will present commissioning results of the
THz beamline as well as ﬁrst measured form factors and
reconstructed electron current proﬁles.
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Figure 1: Numerically calculated single electron spectral
intensity of transition and diﬀraction radiation according to
Eq. (25) in Ref. [4]. A circular screen with 16 mm radius
and 5 mm aperture for DR was used.

factor of all electron bunches inside the bunch train can be
measured non-invasively with the multi-channel spectrometer.

EXPERIMENTAL SETUP
The THz beamline for the transport of the DR from the
screen station to the spectrometer is located downstream of
the main linac and just upstream of the switchyard to the
three FEL undulator beamlines. The screen station consists
of a 80 mm x 32 mm aluminum screen of 1 mm thickness
that can be moved vertically into the electron beam path by
a mover [5]. The screen has an angle of 45° to the electron
beam such that the radiation is emitted perpendicular to the
electron beam direction. Two apertures in the bottom and top
part of the screen divide the screen in a diﬀraction radiator
with either 5 mm or 7 mm diameter and an on-axis transition
radiator. In Fig. 2 the THz beamline and spectrometer are
sketched together with the screen station and accelerator
beam pipe. The THz beamline is separated from the accelerator vacuum by a diamond window with a free aperture of
20 mm. Four focusing gold mirrors with a projected radius
of 50 mm transport the radiation from the screen to the spectrometer which is located below the accelerator beam pipe.
An overview of the optical components is given in the top
part of Fig. 3. The optical elements are sketched together
with their focal lengths and the distances to the next element.
Lens symbols represent the toroidal focusing mirrors and
the polarizer marks the end of the beamline. The distances
and optics inside the spectrometer are listed in Ref. [6].
The overall transmission is limited by the reﬂectivity of
the gold mirrors to 0.974 = 0.89 and by the diamond window
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TURN-BY-TURN HORIZONTAL BUNCH SIZE AND ENERGY SPREAD
STUDIES AT KARA
Benjamin Kehrer∗ , M. Brosi, E. Bründermann, S. Funkner
G. Niehues, M. M. Patil, M. Schuh, J. L. Steinmann, A.-S. Müller
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
L. Rota, SLAC, Menlo Park, CA, USA

Abstract

The energy spread is an important beam dynamics parameter. It can be derived from measurements of the horizontal
bunch size. At the KIT storage ring KARA a fast-gated camera is routinely used for horizontal bunch size measurements
with a single-turn resolution for a limited time span. To
overcome the limits of the current camera setup in respect to
resolution and time span, a high-speed line array with up to
10 Mfps, the KALYPSO system, is foreseen as a successor.
The KALYPSO versions range from 256-pixel to 1024-pixel
and allow unlimited turn-by-turn imaging of a single bunch
at KARA. We successfully tested such a system at our visible light diagnostics port and present ﬁrst results in this
contribution.

INTRODUCTION

The KIT storage ring KARA (Karlsruhe Research Accelerator) can be operated in diﬀerent modes including a
short-bunch mode, where the dispersion is stretched in order
to reduce the momentum compaction factor αc . This squeeze
shortens the electron bunches and they start to interact with
their emitted coherent synchrotron radiation (CSR) in the
bent sections of the storage ring. This self-interaction leads
to the formation of substructures in the longitudinal phase
space and to the occurence of the microbunching instability.
The knowledge of the energy spread, the longitudinal
bunch proﬁle as well as the CSR intensity are important for
a possible reconstruction of the longitudinal phase space for
a better understanding and a potential control of the microbunching instability. A ﬁrst step towards this reconstruction
is a simultaneous measurement of the energy spread and the
CSR intensity. As the energy spread cannot be measured
directly, indirect measurement methods have to be used. This
can be achieved by measurements of the horizontal bunch
size. From the horizontal bunch size σx the energy spread
σδ can be accessed via

1
σδ =
σx2 − βx x
(1)
D

by taking the horizontal beta function βx , the horizontal
emittance x and the dispersion D into account. For timeresolved horizontal bunch size measurement, a fast-gated
camera (FGC) is regularly used at KARA. It allows to measure the horizontal bunch size with a single-turn resolution
for at least every 6th turn [1]. This system is intrinsic limited
∗
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by the number of data points per image. Thus one has to
choose between a good temporal resolution and long time
ranges. To overcome this limitation, a high-speed CCD line
array can be used as it is the case here for the KALYPSO
system.

KALYPSO
The KALYPSO system is a high-speed line array DAQ
system developed at KIT [2]. Due to its modular design, it
can be equipped with diﬀerent sensor materials with 256
up to 1024 pixels. With a frame rate of above 10 Mfps it
allows turn-by-turn studies at KARA which has a revolution
frequency of 2.7 MHz [3]. In addition, it allows to record
long time ranges up to a continuous streaming of data. For
the measurements discussed in the following, a silicon sensor with 256 pixels was used to sample the incoherent synchrotron radiation. Compared to the FGC setup with its mechanical and electrical delays (for details, see Ref. [4]), the
KALYPSO system allows an instantaneous start of recording and therefore simpliﬁes the synchronisation with other
detector systems, e.g. for CSR measurements and electrooptical spectral decoding (EOSD) in the nearﬁeld [5]. The
latter uses the same KALYPSO DAQ architecture.

EXPERIMENTAL SETUP
For the energy spread studies we use the visible light
diagnostics port with incoherent synchrotron radiation from
the 5° port of a dipole magnet. The wavelength is in the
range range (λ = 400 nm - 500 nm). A source point imaging
is achieved by a set of two oﬀ-axis paraboloid mirrors (f =
1200 mm and f = 152.4 mm) and two cylindrical lenses for
horizontal (f = 80 mm) and vertical focusing (f = 70 mm).
In order to determine the horizontal bunch size from the
image, the ﬁlament beam spread function (FBSF) is required
[6]. The FBSF is determined from optical simulations using
the software OpTaliX and is plotted in Fig. 1. The ﬁnal
image on the sensor is the convolution of the horizontal
bunch proﬁle with the FBSF. In principle, a deconvolution
can be applied to retrieve the horziontal bunch proﬁle from
the measurement data. To accelerate the data analysis and
to overcome the numerical stability issues that occur for a
deconvolution (noise ampliﬁcation), we ﬁt a convolution of
a Gaussian curve with the FBSF to the data [4].
In Fig. 2 one single-turn horizontal proﬁle is plotted together with the corresponding ﬁt.
This allows to determine the horizontal bunch size with
single-turn precision. To benchmark the data analysis, we
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CONTINUOUS BUNCH-BY-BUNCH RECONSTRUCTION OF SHORT
DETECTOR PULSES
J. L. Steinmann∗ , M. Martin, M. Brosi, B. Kehrer, M. M. Patil, P. Schreiber, M. Caselle and A.-S. Müller
Karlsruhe Institute of Technology, Karlsruhe, Germany
Abstract
The KAPTURE system (KArlsruhe Pulse Taking and
Ultrafast Readout Electronics), developed at the Karlsruhe
Institute of Technology (KIT), was designed to digitize detector pulses during multi-bunch operation at the KIT storage
ring KARA (Karlsruhe Research Accelerator). KAPTURE
provides digitization for pulses at rates of 500 MHz using up
to 4 sampling points per pulse to record each bunch and each
turn for potentially unlimited time. The new KAPTURE-2
system now provides eight sampling points per pulse, including baseline sampling between pulses, which allows
improved reconstruction of the pulse shape. The advanced
reconstruction of the pulse shape is realized with a highly
parallelized implementation on GPU. The system will be
used for the investigation of longitudinal beam dynamics
e.g. by measuring instability induced CSR ﬂuctuations or
arrival time oscillations. This contribution will report on
ﬁrst results of the KAPTURE-2 system at KARA.

KAPTURE-2
The KAPTURE system has proven its great potential in
several measurements in the last years. Among others, it
enabled a snapshot technique [1, 2] to instantaneously map
machine parameters to the resulting bursting spectrogram
and was used to build a single-shot spectrometer recording 500 million spectra per second [3]. A synchronization
scheme makes it possible to take measurements, which are
synchronized to other experimental stations [4]. However,
due to the limitation of four readout channels, a pulse reconstruction for a single-shot measurement of the amplitude,
width and arrival time of a pulse was not feasible.
The new KAPTURE-2 was designed to facilitate the pulse
reconstruction capabilities [5]. An incoming pulse is split
by a wideband power divider into equal parts for every digitizing channel. Each channel consists of a track-and-hold
(T/H) with 18 GHz analog bandwidth and a 12 Bit analogto-digital converter (ADC). By setting the timing for the
T/H, the individual sampling position of each channel can
be set. KAPTURE-2 is synchronized to the storage ring
RF system. Consequently, the exact sampling time can be
adjusted relative to the RF phase by a set of three diﬀerent
delay stages. First, a global delay, with 6 steps of 330 ps
each, can be set to sample in the region of the pulse. For ﬁne
adjustments a delay of up to 275 ps in steps of 25 ps can be
added. Finally, the sampling time of each individual T/H can
be set accurately by a 3 ps delay stage up to 93 ps. By using
KAPTURE-2 as a sampling scope, i.e. averaging a signal
for some turns and scanning every possible delay position
∗
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allows to sample a pulse with high accuracy. Figure 1 shows
the result of such a time scan for a short detector pulse.

Figure 1: Time scan of a Schottky detector pulse of a single
input channel. A Gaussian and an exponentially modiﬁed
Gaussian (EMG) curve are ﬁtted to the data.

PULSE RECONSTRUCTION
The time scan is needed to properly set the sampling points
for the diﬀerent readout channels. Then, each channel can
be set to a diﬀerent time point of the pulse to sample it. To
reconstruct the original pulse from these eight points an
interpolation is required. However, a full reconstruction is
not needed to derive the pulse amplitude, the pulse arrival
time, and the pulse width. Even if the optical pulse happens
to be shorter than the impulse response of the detector, a
correlation between them is observed. Only for much shorter
pulses, they can be approximated as a delta peak to the
detector.
As seen in Fig. 1, the signal shape of the used Schottky
barrier diode detector is not purely Gaussian. Instead, it
comprises a fast rise and an exponential decay. An exponentially modiﬁed Gaussian (EMG) ﬁts the shape much better,
however, it is also more complex and needs orders of magnitude longer to converge when such a function is ﬁtted to the
data. While this is suitable for an oﬄine post-processing of
the data, we are focusing on a method for online viewing by
ﬁtting purely Gaussians, nevertheless. Such a curve can be
linearized by taking the logarithm, which greatly speeds up
the ﬁt as only a linear regression is required. Additionally, it
can be directly implemented on the readout electronics itself
more easily in the future.
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AN ULTRA-FAST AND WIDE-SPECTRUM LINEAR ARRAY DETECTOR
FOR HIGH REPETITION RATE AND PULSED EXPERIMENTS
M. M. Patil∗ , M. Caselle, E. Bründermann, S. Funkner, B Kehrer, G. Niehues, W. Wang,
A-S Müller and M. Weber, Karlsruhe Institute of Technology, Karlsruhe, Germany
C. Gerth, DESY, Hamburg, Germany
D. Makowski, A. Mielczarek, University of Technology, Lodz, Poland

Abstract

Photon science research at accelerators is influenced radically by the developments of sensor and readout technologies
for imaging. These technologies enable a wide range of applications in beam diagnostics, tomography and spectroscopy.
The repetition rate of commercially available linear array
detectors is a limiting factor for the emerging synchrotron
applications. To overcome these limitations, KALYPSO
(Karlsruhe Linear arraY detector for MHz rePetition rate
SpectrOscopy), an ultra-fast and wide field-of-view linear
array detector operating at several mega frames per second
(Mfps), has been developed. A silicon microstrip sensor is
connected to custom cutting-edge frontend ASICs to achieve
unprecedented frame rate in continuous readout mode. In
this contribution, the third generation of KALYPSO will be
presented.
Figure 1: EOSD experimental setup at KARA.

INTRODUCTION

Electron bunches stored in storage rings over long time
scales exhibit short-term and long-term dynamics. During
low-alpha-mode operation, the electron bunches interact
with their own radiation field, which leads to the so-called
microbunching instability [1]. In this process, bursts of synchrotron radiation are observed in the terahertz (THz) range,
with several orders of magnitude higher than conventional
synchrotron radiation. Electro-optical spectral decoding
(EOSD) is one method employed for THz spectroscopy [2].
A bottleneck of such an experiment (Figure 1) is the single
shot detection at MHz repetition rate. Conventional detectors are incapable of operating at Mhz repetition rates. Thus
a detector system has been developed which combines unprecedented repetition rate, excellent spatial resolution and
continuous data streaming. The applications of such a detector extend from laser characterization and transients, beam
diagnostics to microscopy for classification of biological
cells [3].

KALYPSO DETECTOR

KALYPSO had been originally developed for upgrading
the EOSD experiment by replacing the commercial camera with low frame rate at KIT’s synchrotron light source
KARA [2]. The complete system consists of a modular architecture that includes three main components: the KALYPSO
mezzanine detector board, the readout card equipped with a
Field programmable gate array (FPGA) for data acquisition
∗

and processing, and the heterogeneous DAQ system consisting of FPGAs and GPUs connected via PCI-Express [4].
The original version of KALYPSO is based on a slightly
modified design of the GOTTHARD frontend ASIC [5] and
achieves a maximum frame-rate of 2.7 MHz with 256 pixels.
The next version of KALYPSO has an operating frame-rate
over 1 Mfps and consists of a wide linear-array with 1024
pixels with a pitch of 25 µm silicon sensor connected to
eight ASIC readouts (cf. Figure.2). The silicon sensor was
developed at KIT and fabricated at FBK, Trento (Italy).

Figure 2: KALYPSO v2.5 under development.
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PERFORMANCE OF THE CVD DIAMOND BASED BEAM QUALITY
MONITORING SYSTEM IN THE HADES EXPERIMENT AT GSI*∗
A. Rost1† , J. Adamczewski-Musch2 , T. Galatyuk1,2 , S. Linev2 , J. Pietraszko2 , Mariusz Sapinski2 ,
M. Traxler2
1 Institut für Kernphysik, TU Darmstadt, Darmstadt, Germany
2 GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
This contribution depicts a beam monitoring system consisting of a chemical vapor deposition (CVD) diamond sensor, a fast read-out electronics and a monitoring and visualization software which is used in the HADES experiment
at the SIS 18 accelerator of GSI Helmholtzzentrum (Darmstadt, Germany). The sensor has been designed to measure
the reaction time (T0) in the HADES spectrometer, but also
possesses beam quality monitoring capabilities. In the following the performance of the system, which was used in
order to evaluate an Ag ion beam delivered by the SIS18
accelerator will be discussed.

behind the target. Both detectors are aligned with the beam
axis and the beam is focused on the target. The arrangement
of the detectors in respect to the target foils is shown in Fig. 1.

INTRODUCTION
The beam quality monitoring of extracted beams from
Heavy-Ion-Synchrotron (SIS18) at GSI, transported to the
HADES experiment [1] is of great importance to ensure a
high efficient data recording. The detectors should feature
high rate capability, low interaction probability and perform
precise T0 measurements (σT0 < 50 ps). In addition, the
sensors should offer beam monitoring capabilities. These
tasks can be fulfilled by utilizing single-crystal Chemical
Vapor Deposition (scCVD) diamond based detectors. The
material is well known for its radiation hardness and high
drift velocity of both electrons and holes, making it ideal not
only as Time-of-Flight (ToF) detectors placed in the beam
but also as luminosity monitors. With the help of striped
read-out electrodes a position information can be obtained
for beam monitoring purposes. Having the precise time measurement and precise position information of the incoming
beam ions one can monitor important beam parameters such
as the beam intensity, its position during extraction and the
beam particles time structure.

CVD DIAMOND BASED BEAM
DETECTORS AND READ-OUT CONCEPT
The main detector system [2] for beam quality monitoring
in the HADES experiment consists of two diamond based
sensors made of scCVD material. The first scCVD sensor is
designed to measure the reaction time (T0) in the HADES
Spectrometer and is located 2 cm in front of the reaction
target. In addition the HADES experiment uses a second
scCVD sensor as a veto detector, which is located 70 cm
∗
†

Work supported by the AIDA-2020 project and the DFG through GRK
2128 and VH-NG-823.
a.rost@gsi.de

Figure 1: Arrangement of the scCVD diamond sensors in the
HADES experiment. In the upper left a close-up picture of
the T0 sensor is shown. The metallization which is arranged
in sixteen stripes is clearly visibly. The upper right corner
shows a close-up picture of the scCVD diamond based veto
detector with a boxed shaped metallization.

The scCVD detector which is used for T0 measurement
and most beam diagnostic purposes has an active area of
4.7 mm × 4.7 mm and a sample thickness of 70 µm. The
sensors is equipped with a double-sided strip segmented
metallization (16 strips, each 300 µm wide). In total sixteen
channels in x-direction and sixteen channels in y-direction
allow beam profile measurements. The sensor is able to
deliver a time precision <100 ps RMS and can handle rate
capabilities up to 107 particles/channel. In Fig. 1 a close-up
picture of the sensor is shown. The second diamond based
veto detector, is made of 8 mm × 8 mm scCVD material with
a thickness of 107 µm. A boxed shaped metallization was
chosen in order to allow a fragment identification in order
to exclude events without a reaction in the target from the
HADES trigger generation. A close up picture of the sensor
one can find in Fig. 1.
The read-out of the sensors is based on the NINO [3] chip
in combination with the TRB3 (Trigger Readout Board Version 3) platform [4, 5]. The TRB3 platform implements
high precision multi-hit TDCs (up to 264 channels, time
precision <10 ps RMS) inside FPGAs and serves as a fast
and flexible Data Acquisition System (DAQ) with integrated
scaler capability. Data analysis and online visualization
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NEXT GENERATION CRYOGENIC CURRENT COMPARATOR (CCC)
FOR nA INTENSITY MEASUREMENT*
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Abstract

A Cryogenic Current Comparator (CCC) is an extremely
sensitive DC-Beam Transformer based on superconducting
SQUID technology. Recently, a CCC without a toroidal
core and with an axially oriented magnetic shielding has
been developed at the Institute of Photonic Technologies
(IPHT) Jena/Germany. It represents a compact and lightweight alternative to the ‘classical’ CC, which was originally developed at PTB Braunschweig/Germany and is
successfully in operation in accelerators at GSI and CERN.
Excellent low-frequency noise performance was demonstrated with a prototype of this new CCC-type. Current
measurements and further tests are ongoing, first results are
presented together with simulation calculations for the
magnetic shielding. The construction from lead as well as
simplified manufacturing results in drastically reduced
costs compared to formerly used Nb-CCCs. Reduced
weight also puts less constraints on the cryostat. Based on
highly sensitive SQUIDs, the new prototype device shows
a current sensitivity of about 6 pA/Hz1/2 in the white noise
region. The measured and calculated shielding factor is
~135 dB. These values, together with a significant cost reduction - resulting also from a compact cryostat design opens up the way for widespread use of CCCs in modern
accelerator facilities.

INTRODUCTION

The Cryogenic Current Comparator measures the beam
intensity via detection of the beam azimuthal magnetic
field. It consists of a superconducting shielding, which provides an attenuation of non-azimuthal external fields of < 100 dB and guides the Meissner- Current to the internal
pickup loop, which is basically a one-winding coil around
a high permeability ring core, acting as a flux concentrator.
The latter is used in the ‘classical’ CCC shown in Fig. 1 to
ensure efficient coupling of the beam magnetic field to the
SQUID circuit. The arrangement can be regarded as a
transformer with the particle beam being the primary winding and the pickup coil the secondary winding. The signal
___________________________________________
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from the pickup coil is fed (via a matching transformer for
impedance matching) to a DC SQUID (Superconducting
Quantum Interference Device) current sensor [1], which is
operated in a compensation circuit, using a so called Flux
Locked Loop (FLL) electronics [2]. Figure 1 shows the
currently used arrangement, originally developed at the
PTB (Physikalisch-Technische Bundesanstalt) [3].

Figure 1: Principle of the CCC, shielding with radial meanders and high permeability ring core.
The ‘classical’ CCC, as it is shown in Fig. 1, has been
operated successfully in accelerator beamlines at GSI [4]
and CERN [5], measuring currents <10 nA at bandwidths
2 - 10 kHz. For the FAIR project at GSI, where significantly larger detector dimensions are required, a so called
CCC-XD (eXtended Dimensions, inner/outer diameter:
250mm/350mm) relying on the classical design has been
developed and was in the meantime extensively tested in
the laboratory [6]. Despite the fact that shielding efficiency
is anti-proportional to shielding inner diameter, the CCCXD showed - due to careful shielding design [7], toroid
material choice [8] and SQUID circuit design - a performance comparable to its predecessors. The magnetic
shielding is (like for the CERN/AD CCC, inner/outer diameter: 185mm/280mm) made from Niobium, which is simply regarding its mechanical properties - considered
the best choice for CCCs at large dimensions. The much
smaller GSI CCC prototype (inner/outer diameter:
147mm/260mm) was built from Lead. Recent developments at IPHT Jena have shown that it is possible to build
a CCC without toroidal core, using at the same time a
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GENERIC DIGITIZATION OF ANALOG SIGNALS AT FAIR
– FIRST PROTOTYPE RESULTS AT GSI

Ralph J. Steinhagen∗ , Ralph C. Bär, Andreas Franke, Alexander Krimm, Kai Lüghausen,
David Ondreka, Alexander Schwinn, Matthias Thieme, GSI Helmholtzzentrum, Darmstadt, Germany
DEPLOYMENT ARCHITECTURE

Abstract

FAIR operation and notably the new FAIR Control Centre
will be based on a ’fully-digital’ control paradigm for which
about 500 generic digitizers covering analog bandwidths
and sampling frequencies from a few MHz to a GHz will
be deployed. The aim is to acquire all pertinent accelerator
systems and beam parameters to facilitate a multi-mission
of continuous performance tracking, (semi-)automated feedbacks and setup tools, early detection and isolation of hardware failures or near-misses, and to provide a dependable
generic platform for equipment experts that enables postmortem analyses or remote diagnostics.
The goal of the controls integration was to provide a
generic abstraction of the vendor-specific electro-mechanical
form-factor and software interfaces based on modern
software-defined-radio (SDR) principles [1]. In addition
to ns-level-synchronised time- and frequency-domain based
acquisitions, the interface provides a wide range of generic
user-configurable signal post-processing routines common
for SDRs and also found in many modern bench-top oscilloscopes, spectrum or vector-network analysers.
The acquired raw and derived signals are exported to the
FAIR control system using a standardised front-end software
architecture (FESA) and a common middle-ware (CMW) [2–
4]. Further integration goals were to simplify possible future
extensions, compactness, readability, reusability, testability,
and long-term maintainability of the code-base which led to
the re-use of established open-source signal processing and
data fitting frameworks such as GNU-Radio and ROOT [1,
5, 6]. While explicitly kept open for new or other specific
digitizers or SDRs, the initial integration, prototyping, and
testing have been done for the PS3000, PS4000, and PS600
series of digitizers from Pico Technology [7].

CONTROLS INTEGRATION
The selected commodity hardware provides good analog and digital performances, reliability figures, long-term
supply chain availabilities and competitive total cost of ownership that rivals most custom-, in-house or specific purposebuilt systems (based e.g. on VME, NIM, Micro-TCA etc.).

Electro-Mechanical Integration
In order to nevertheless provide the ruggedness, remote
monitoring, and form-factors required in an industrial accelerator environment, we designed an open-hardware electromechanical integration for the digitizers operationally deployed at GSI and FAIR, shown in Figures 1 and 2.

INTRODUCTION

The generic digitization project aims to provide data acquisition (DAQ) to (e.g. purely analog) devices that do
not provide their own DAQ or those that have requirements
on signal bandwidth, dynamic range, ADC resolution, or
complex signal post-processing that cannot be met by the
standard embedded front-end controller systems (FEC) for
FAIR [8, 9]. The system improves upon OASIS’s original
’distributed time-domain oscilloscopes’ concept described
in [10, 11], extends the concepts also for frequency-domain
signals, and – based on more than a decade of experience
with such systems – deploys more modern commodity-type
hardware, separation-of-concerns (SoC) and new softwaredefined-radio technology concepts.
∗

In 2003 high-performance digitizer used to be very costly.
Hence one digitizer was typically shared among several systems, their signals routed often through long signal cables
to RF relay switching matrices, before being actually digitized. As of 2019, even high-performance digitizers became
much more affordable and the RF switches and long cables
started to dominate the total costs and complexity of the
given installation.
Thus, FAIR employs a one-digitizer-per-device paradigm
with the DAQ placed as close to the accelerator device as possible, minimising cable lengths, omitting costly RF switching matrices and their reliability issues, thus also optimising
the signal integrity, and in turn crucially minimising the controls integration complexity. This paradigm change and the
use of more powerful server-type CPUs also facilitates more
modern, device-specific SDR-type signal post-processing
further described below.
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Figure 1: GSI-designed integration of PicoTech’s PS3000series digitizer into a rugged 19”-1U form-factor.
The small modular 19“-1U form-factor facilitated also
an easy upgrade of analog equipment in the existing GSI
facility which do not have their own dedicated DAQ and that
are often located where free rack space is scarce.
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A NUMERICAL ANALYSIS TO CHOOSE THE MOST PERFORMING
OPTICAL TRANSITION RADIATION SCREEN
F. Cioeta†, D. Alesini, A. Variola, INFN-LNF, Frascati, Italy
D. Cortis, V. Pettinacci INFN-Roma, Roma, Italy
M. Ciambrella, M. Marongiu, A. Mostacci, Rome University La Sapienza, Roma, Italy
Abstract

Optical Transition Radiation (OTR) screen represents
the most appropriate instrument to measure and verify the
characteristics of a beam spot size produced by a particle
accelerator. In order to measure beam properties, OTR
screens must sustain thermal and mechanical stresses due
to the energy that several bunches deposit. Owing to these
requirements, it is essential to identify the more suitable
material to optimize the OTR performance and to get
reliable measures from the diagnostic system. In this
paper, we describe a multi-purpose numerical procedure,
based on finite element analysis, to choose the most performing material, considering the physical characteristics
of an electron beam. The procedure is based on a dedicated ANSYS® APDL script able to evaluate the thermal
distribution on the OTR generated by the beam. The main
characteristic of this script is the capability to simulate the
real thermal effect on the target that the hitting particle
beam produces. The numerical procedure has been applied to compare the performance of two relevant materials – Aluminum and Graphite – simulating a beam hitting
with well-known parameters. The validity of the APDL
scripts were demonstrated by comparing the results with
those obtained by a different study.

INTRODUCTION

The electron beams are implemented in nuclear research as well as in a wide spectrum of industrial applications [1] (e.g. welding, biological sterilization). In each
application, the electron beam properties assume specific
values as well as different target materials are employed;
in this context, the control of the beam parameters and
their related interaction with targets are crucial for the
effective and efficient functioning of equipment.
This paper deals with a multi-purpose numerical procedure, based on finite element analysis (FEA), to control
the temperature distribution in the mechanical components that the beam hits.
This numerical procedure, which is based on a dedicated ANSYS® APDL script, was developed to predict the
thermo-mechanical behaviour of the Optical Transition
Radiation (OTR) screens that are used to measure and
verify the properties of electron beams in particle accelerators.
The procedure has been used to identify the most performing material for the OTR screens to get the most
reliable measures, since they have to sustain thermal and
mechanical stresses due to the energy that the beam deposits during the operations. In a previous research [2,3],
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we compared the performance of two relevant materials,
i.e. Aluminum (Al) and monocrystalline Silicon. To validate the results obtained, the same APDL script has been
used to benchmark the results obtained in a different
study [4] that investigates Aluminum and Graphite targets. In the first part of this paper, we introduce the APDL
script and the case study used to develop the numerical
approach, while in the second part we illustrate the
benchmark results to confirm the goodness of the developed script.

NUMERICAL APPROACH: APDL SCRIPT
Particle beams lose energy in the form of heat by interacting with targets, determining the generation of a thermal power density inside these. Particles are distributed
according to a Gaussian distribution along the beam
transverse section and, consequently, the generated power
density is not uniform on the target surfaces. Moreover, if
the beam is pulsed, the generated power density is not
constant over the time, but it has a cyclic trend oscillating
between zero and a maximum peak.
The ANSYS® Parametric Design Language (APDL) is
a scripting language inside the ANSYS® Mechanical
software environment. It allows the user to implement in
FEA thermal power density with peculiar spatial and time
distribution as the one generated in the interaction of
particle beams with the target matter.
The APDL script, which we developed for the interaction of beam electrons with OTR targets, carries out
thermal transient analyses and it is structured in three
main parts.
The first refers to the definition of the electron beam’s
properties and the OTR target’s material and geometry:
this parametrisation allows the user to easily tailor the
simulations to specific applications and to perform sensitivity analysis. The second spatially models through an
ANSYS® 2-dimensional table parameter the power density resulting from the interaction between the electrons
and the target: we assumed the power density inside the
target unchanged along the beam longitudinal axis (this is
reasonable when the range of the beam’s particles in the
target material is larger than the thickness of the target, as
in our case study). The third models the power density
over time assuming a pulsed operation mode for the
beam: it simulates a high number of thermal cycles on the
target material through specific do-loops with two different load steps (one for the heating phase during the interaction and one for the cooling phase in the period intervening between two pulses).
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Abstract

Operation of modern particle accelerators require high
quality beams and consequently sensitive diagnostic system
in order to monitories and characterize the beam during the
acceleration and transport. A turn-key high level software
BOLINA (Beam Orbit for Linear Accelerators) has been
developed to fully characterise the 6D beam phase space
in order to help operator during commissioning with an
easily scalable suite for any high brightness LINAC. In this
work will be presented the diagnostic toolkit as designed
for the ELI-NP Gamma Beam System (GBS), a radiation
source based on the Compton back scattering effect able to
provide tunable gamma rays, in the 0.2-20 MeV range, with
narrow bandwidth (0.3%) and a high spectral density (104
photons/sec/eV). BOLINA suite is design to be machine
independent, thanks to the file exchanges with the EPICS
based control system. Simulation of raw data of the ELI-NPGBS accelerator has been used to test the capabilities of the
diagnostic toolkit.

INTRODUCTION

The BOLINA suite starts from the generic operator needs
during commissioning of a machine like the new Gamma
Beam System (GBS) of the ELI-NP project [1]. All the
BOLINA’s routines are written in Python, permitting to design an object oriented suite with dedicated independent
modules for each measurement. The raw data and the machine parameters (i.e. magnet excitation curves, element
positions, etc . . . ) are read from an external file. In this
way the software is machine independent and it can run
both on-line and off-line. When a measurement is required,
BOLINA sends the proper command/request to EPICS control system [2] which calls the involved accelerator devices
and produces a file containing the data readout of raw experimental data. BOLINA takes such raw data, elaborate
the measurements and send back these results to the control
system in order to log them as sketched in Fig. 1. In this paper is presented the diagnostic toolkit, part of the BOLINA
high level software, that gather all the measurements and the
measurements-errors. On this purpose raw data for BOLINA
have been simulated through multiple tracking runs of ELINP-GBS accelerator. Such kind of simulations have been
performed, for the injector, with ASTRA [3] tracking code,
since it takes into account the space charge forces, while
booster and transfer lines tolerances have been studied with
elegant [4 - 7].
∗
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Figure 1: On the right the interaction of BOLINA with the
control system; on the left the modular structure that permit
the machine independency.

THE DIAGNOSTIC TOOLKIT
The diagnostic stations along the machine are equipped
with YAG and OTR screens and used to acquire the image
of the transverse spot size. BOLINA provides all the other
beam parameters such as the transverse emittance, energy
and the energy spread, and with the help of a RF deflector
the bunch length and the longitudinal phase space.
Here we report as an example the simulation of measurements on the first diagnostic station after the RF gun. Thanks
to the modularity of code, implemented trough file exchanged with the control system that share all the machine
parameter such the monitor positions and magnetic characteristics (magnetic length, magnetic field, and dipoles
excitation curves) it is true for any diagnostic stations in the
whole LINAC.

Energy Measurement at the Gun Exit
The beam transverse spot size and the centroid position
can be measured by means of YAG screens. The centroid
position move horizontally (or vertically) changing the horizontal (or vertical) field of an upstream steerer. To simulate
raw data at the gun exit and studying the sensitivity of the
beam measurement we use the ASTRA tracking software.
The RF gun field, as the emittance compensation solenoid,
is imported from a bi-dimensional map while the steering
magnet has been implemented as a rectangular dipole magnet with uniform magnetic field B0 . It’s length is equal to
the effective magnetic length Le f f , that takes into account
the profile of the magnetic field By (z) included longitudinal
fringe fields. Naming the drift space length Ldri f t as the
distance between the steerer and the first YAG screen downstream the gun, the beam centroid position can be evaluated
from easy geometrical consideration Cx = Ldri f t tan(θ),
L
where θ is the beam deflection defined as: θ = eRf f . In our
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EVALUATION AND REDUCTION OF INFLUENCE OF FILLING PATTERN ON X-RAY BEAM POSITION MONITORS FOR SPring-8
H. Aoyagi†, Y. Furukawa, S. Takahashi, JASRI/SPring-8, Hyogo, Japan

Abstract

SPring-8 constantly provides various several-bunch
mode operations, which combine single bunches and train
bunches. Recently, influence of filling pattern on the accuracy of the XBPMs became apparent, so that we started a
systematic evaluation. It was found that the influence was
caused by suppression of current signal due to space charge
effect, which could be quantified by observing a behaviour
of the current signal while changing the voltage of photoelectron collecting electrodes. In order to mitigate the space
charge effect, we examined some methods, such as, changing operation parameters of the XBPMs and the undulators.
As a result, we successfully reduced the influence of filling
pattern.

INTRODUCTION

Conventional photoemission-based X-ray beam position
monitors (XBPMs) have been operating for more than 20
years for providing a stable beam at SPring-8, the world's
highest-class brilliant light source thanks to a combination
of high stability of the 8 GeV storage ring and in-vacuum
undulators. The XBPMs, installed at beamline front-ends,
are required to withstand severe high heat load that other
facilities do not receive. SPring-8 constantly provides various several-bunch mode operations, which combine single
bunches (isolated bunces) and train bunches (partial fullfilling) [1]. The bunch current has been gradually increasing compared to the early stage of SPring-8, and reached
up to 5 mA/bunch in a single bunch and 0.38 mA/bunch in
partial full-filling. The bunch current of 1 mA/bunch corresponds to 4.8 nC in the storage ring. The typical current
signal from each blade of the XBPMs for insertion devise
beamlines (ID-BLs) is about 70 μA during user operations,
whose ring current is 100mA. As the bunch current increases, it became apparent that the XBPM readouts are
distorted when the filling pattern was changed.

(a) 3D section view
(b) Transparent view
Figure 1: Structure of the XBPM [3].

INFLUENCE OF FILLING PATTERN
Systematic Observation
We observed the distortion of the XBPM readouts in the
several-bunch modes systematically using the beam position in the multi-bunch mode (“160 bunch train x 12”) as
the reference [4]. In the multi-bunch mode, the load on the
accelerator is the least. Figure 2 shows the results of three
of the several-bunch modes. We found that nine out of 33
XBPMs for the ID-BLs were significantly affected. The
largest influence was seen in “2/29-filling + 26 bunches”
mode. Table 1 shows the bunch current for each filling pattern and the deviations of the XBPM readouts for the IDBLs (33 units in total). It can be seen that there is a definite
correlation between the bunch current of trains and the deviation. Because the current signal from the blades is small
for the BM-BLs (10 units in total), they are not affected by
filling-pattern. Therefore, the fact that the deviation is still
seen for the BM-BLs suggests that the electron orbit of the
storage ring is considerably affected by the filling pattern.

Structure of XBPMs

The XBPMs are equipped with blade-shaped detector
heads made of tungsten or diamond as a base material [2].
Four blades are configured to measure the beam position in
horizontal and vertical directions for the ID-BLs, and a pair
of blades are configured to measure the beam position in
vertical direction for bending magnet beamlines (BM-BLs).
Figure 1 shows the structure of the XBPMs for the ID-BLs.
In order to collect photoelectrons emitted from the detection element, positive voltage (normally HV = +100 V) is
applied to the charge collecting electrodes. The electrodes
are essential to obtain stable current signal. In this paper,
we describe evaluation and reduction of influence of filling
pattern on the XBPMs quantitatively and systematically.
____________________________________________
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Figure 2: Deviations of XBPM readouts from the reference
positions due to variations of the filling patterns of the storage ring.
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Abstract
At the SPring-8 site, the X-ray free electron laser facility, SACLA, and the third-generation light source, SPring8 storage ring, have been operated. On the SPring-8 upgrade project we have a plan to use the linac of SACLA
as a full-energy injector of the storage ring. To achieve the
SACLA’s user operation and the beam injection to the
storage ring in parallel, it is necessary to control the beam
energy and the peak current on a pulse by pulse. The
demand for an injection occurs anytime during the top-up
operation of the storage ring. For this purpose, two accelerators should be controlled seamlessly and the SACLA
has to provide the low emittance electron beam to generate X-ray laser and to be an injector of the storage ring
simultaneously. Because SACLA has to control the beam
energy and peak current on a pulse by pulse, we are designing a system to meet these requirements. A master
controller stores a pattern of parameters required for the
low-level RF controllers. Each pattern consists of 60 rows
which correspond to the parameters for one second with a
beam repetition rate of the SACLA, 60Hz. The master
sends the parameters to the controllers with reflective
memory. We can select the pattern every second on demand and it is flexible enough for the top-up operation of
the storage ring. Also the data of low-level RF and beam
position monitor are stored into the database with a beam
repetition rate. In this paper, we report the design of control system for SACLA/SPring-8 to control the beam
energy and the peak current on a pulse by pulse.

INTRODUCTION
In the last twenty years, SPring-8 has been a large-scale
third-generation synchrotron radiation facility with the
highest electron energy in the world. The SACLA project
started in 2006 with a five-year construction schedule and
it has been in operation for user experiments since 2012.
We designed the SACLA linear accelerator to be used as a
full-energy injector for the SPring-8 storage ring. An
ultralow emittance electron beam delivered from SACLA
should be compatible with the future upgraded SPring-8
facility. [1]
SACLA delivers pulsed X-ray laser beams whose pulse
duration is as short as a few femtoseconds. The peak
brilliance of SACLA is extremely high. The complemen-

tary use of the storage-ring light sources and pulsed X-ray
laser is essential for opening new frontiers in science and
technology.
In SPring-8-II the dynamic aperture will be markedly
narrower than that in the current SPring-8. We cannot use
the existing injector system in SPring-8 without largescale modification. In addition, because of the long injection interval during top-up operation it is necessary to
keep the injector system in a standby condition, which
will increase the operation cost. On the other hand, the
linac of SACLA is always running for user experiments
independently from SPring-8. Therefore, if the injection
beam is delivered from SACLA, the operation cost will
be minimized. To enable operation by SACLA users experiments and beam injection to SPring-8-II in parallel, it
is necessary to control the beam energy and peak current
on a pulse by pulse.

DESIGN OF CONTROL FRAMEWORK
In the SPring-8 upgrade project we are going to use the
linac of SACLA as a full-energy injector. For this purpose, two accelerators should be controlled seamlessly
and SACLA has to be operated for user experiments and
as the injector of SPring-8 simultaneously. The former
control framework, call the MADOCA [2], could not
satisfy the requirements and we have started to design a
control system to meet these requirements. The basic idea
of the control system is the following concepts;
1. A messaging service must be unified into one service. Because a GUI of operation needs to handle the
both accelerators.
2. A relational database management system for a parameter must be merged to the same system. Because
the parameters for the injection are spread in the both
accelerators.
3. A data acquisition must be synchronized with the injection beam to achieve the control on a shot by shot.
4. A demon process, such as a feedback or a beam route
control, should be easy to manage and maintain.
Figure 1 shows a schematic of the new control framework. We are redesigning the following components.
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BEAM PROFILE MONITOR FOR SLOW EXTRACTED
BEAM USING MULTI-LAYERED GRAPHENE AT J-PARC
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Abstract
Extracted-beam profiles were measured in slow extraction at J-PARC using secondary electrons emitted from a
ribbon-target array made of multi-layered graphene, in
real-time during a spill time of 2 seconds. The target array
consisted of 20 ribbons with a width of 1 mm, a pitch of
2 mm, and a thickness of 1.1 m. The secondary-electron
current at each channel was measured using current amplifiers with a sensitivity of more than 1 pA. The features of
this instrument and a recent beam study with a 51 kW extracted beams are discussed.

INTRODUCTION

Graphite ribbons with a thickness of 2 to 3 m have been
utilized for high-intensity beam as the target for emitting
secondary electrons in profile measurement at the beam
transport line (3-50 BT) in the J-PARC Main Ring (MR)
[1]. This monitor has been called a multi-ribbon beam profile monitor (MRPM). The use of a thinner uniform graphite foil has the advantages of reduced beam loss, reduced
heat generation, and a high heat resistance of the graphite
foil. The following points are noted regarding the durability of MRPM. The maximum beam intensity in the measurement at 3-50 BT was 3.9 × 1013 p/bunch which corresponded to 1 MW beam in MR. In addition, one MRPM
was used in the slow extraction (SX) beamline to continuously measure the profile of 30 GeV (resent beam power
was 51 kW [2]) from the first SX beam in 2009. The total
number of protons passed through was 1.2 × 1020 or more.
As for the target materials, Kaneka facilitates the production of excellent foils for J-PARC use based on the research results of multi-graphene fabrication. The foil has a
reduced thickness of 1.0 -1.2 m with high uniformity over
its entire surface [3]. Evolved MRPM using this multi-graphene target set in two places on SX section. The first SXMRPM was installed in 2015 and the second in 2017.

SX DEVICES AND BEAM

Figure 1 shows the layout of SX section. The SX components are the upper ESS1, 2 (electrostatic septum) and
the lower SMS1, 2, 3 (septum magnet). The SX beam is led
to the hadron beamline. The entrance and exit at these devices are the positions where the remarkable beam characteristics can be measured. SX-MRPM #82 and #83 were
installed at the entrance of SMS1 and SMS2, respectively.
The graphite MRPM, used since 2009, is located at the hadron beamline. The following describes SX-MRPM #82.
____________________________________________

Figure 1: Layout of Slow Extraction Section in MR.
Figure 2 shows the simulation result of the SX beam
30 GeV at the entrance of SMS1. The emittance of the injection beam was assumed to be 81  mm. mrad. For the X
and Y cross-sections, the injection beam (3) is represented by a red circle, the extraction beam is shown in
black, and the beams up to 3 turns ago are represented in
other colors. The dimensions of the extraction beam were
approximately X 10 mm, Y 22 mm. The turn separation of
the circulating beam and the SX is approximately 3 mm. It
was necessarily to design the target frame to avoid hitting
the injection beam. The distance between the extraction
beam and the injection beam was approximately 10 mm.
The beam measurement at extraction can be performed
without interference due to the injection beam by arranging
the target frame with the inner dimension of 70 mm in the
Y direction as shown in the figure.

Figure 2: 30GeV Extracted-Beam Simulation.

MULTI-GRAPHENE RIBBON TARGET
Figure 3 (a) shows the multi-graphene ribbon targets for
horizontal profile measurement. The electrode wiring pattern of AgPt was fired on a 2 mm-thick C-shaped ceramic
frame. In design, the pitch of the ribbon was 2 mm, the
width was 1 mm, the thickness was 1.1 m, and channel
number of 20 was configured. The measured results of the
ribbon width made by laser cut was 0.998 mm in average
and 0.4 % in standard deviation. The target assembly is
shown in Figure 3 (b). The multi-graphene targets A to E
were arranged with a spacing of 6 mm. Target B is a ribbon
for horizontal measurement (Fig. 3(a)), whereas target D is
a ribbon tilted at 15 degrees so that the indication of the
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MEASUREMENT OF CHERENKOV DIFFRACTION RADIATION FROM A
SHORT ELECTRON BUNCH AT t-ACTS
S. Ninomiya, H. Hama, F. Hinode†, K. Kanomata, S. Kashiwagi, S. Miura,
N. Morita, T. Muto, I. Nagasawa, K. Nanbu, H. Saito, K. Takahashi, H. Yamada,
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Abstract
Cherenkov Diffraction Radiation (ChDR) can be utilised as a tool of non-destructive beam diagnostics. The
photon flux of ChDR is proportional to the thickness of
the dielectric used as the radiator unless its transmittance
is small, so that much larger flux can be expected than
ordinary diffraction radiation. A basic experimental study
about coherent ChDR has been performed at test accelerator facility, t-ACTS, in Tohoku University. The measurements of coherent ChDR from short electron bunches of
about 100 fs are reported.

INTRODUCTION

Non-destructive beam diagnostics with single shot is a
significant tool for some kinds of accelerators in their
operation. For example, laser wake field accelerator can
generate quasi-monoenergetic electron beam with GeV
class energy, while the beam stability is still the problem
which requires a stable and precise control of plasma
channel in a gas jet. Recently, development of a new
technique called Plasma Micro Optics improved beam
quality drastically [1, 2], however, the beam repetition
rate is still very low, and thus it would be desirable to use
the measured beam itself successively in further application. So far, we have performed the experiments of bunch
length measurement using Cherenkov radiation from a
thin silica aerogel [3]. In the experiments, the entire ring
image of Cherenkov radiation was clearly obtained, and
furthermore it was also observed that the ring width depends on the transverse shape of electron beam. Employing ChDR, which is the radiation generated when electrons pass near the dielectric but not inside, it can be utilized as non-destructive beam diagnostics [4]. In this
paper, we present an initial measurement result of ChDR
generated by a 22 MeV electron beam with short bunches
of ~100 fs and demonstrate an intensity dependence of
ChDR on the electron beam position.

COHERENT CHDR

ChDR from a Dielectric with a Hole
For a given wavelength, Cherenkov radiation is observed at the specific angle c given by the expression:

cos 𝜃 = 1/𝛽𝑛,

(1)

where n is the refractive index of a dielectric,  = v/c, and
v, c the speed of an electron and light, respectively, in the
case of n > 1 [5]. The number of photons emitted by an

electron within the spectral region confined by the wavelengths 1 and 2 is also given by

𝑁 = 2𝜋𝛼𝐿 1 −

−

,

(2)

where  is the fine-structure constant, and L a dielectric
thickness along the electron trajectory [5]. The photon
flux N is proportional to the thickness L unless its transmittance is small, much larger flux can be expected than
ordinary diffraction radiation. By the way, if the electron
is passed near the surface outside the dielectric, one has to
take into account an additional attenuation factor K to the
photon flux to be observed,

𝐾 = exp −4𝜋

,

(3)

where  is the normalized electron energy, and d an impact parameter which is the distance to the electron trajectory from the dielectric surface [6]. The factor K decrease
steeply as the wavelength approaches shorter region. In
actually, electron beam travels at an appropriate distance
from the dielectric surface comparing with the transverse
size of the electron beam, so that the wavelength region of
the observed radiation will be longer than sub-millimeter
for beam energies around 22 MeV. For the higher energy
case (~ a few GeV), the corresponding wavelength would
be shifted to MIR region.

Coherent ChDR
The generated number of photons decreases inversely
with the wavelength as shown in Eq. (2), while there is
suppression in the shorter wavelength region due to the
factor K. However, in the wavelength longer than the
bunch length of electron bunch, the radiation intensity is
enhanced by coherent radiation as,

𝐼 𝜔 = 𝐼 𝜔 𝑁 𝑓 𝜔 𝜒,

(4)

where I0 is the intensity for a single electron, Ne the number of electrons in the bunch, f() the bunch form factor
whose inverse Fourier transform gives the longitudinal
and transverse density distribution of the electron bunch,
and χ a factor of the electron-beam divergence [7].
The spectrum for coherent ChDR can be obtained by
multiplying the above equations with a given bunch form
factor. Figure 1 shows the coherent ChDR spectrums
generated by an electron bunch with the energy of 22
MeV and Gaussian shape of t = 100 fs for different impact parameters. As the impact parameter decreases, the
peak height and frequency shift, which eventually corresponds to the coherent Cherenkov radiation (solid line in
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Abstract
A transverse beam profile monitor, which detects ions or
luminescence generated by the interaction between the
beam and the gas molecules distributed in a sheet shape,
has been developed in the J-PARC LINAC. To know about
the gas density distribution of the sheet-shaped gas, which
affects the intensity distribution of the detected signal, the
calculation by the Monte Carlo simulation code was
performed. The calculation results showed that the gas with
a narrow width along beam direction distributes enough
uniformly within a realistic beam cross-sectional size. In
addition, the unsaturated region against the MCP voltage
and the injected gas pressure are evaluated based on the
measurement with a beam. The results showed that the
measurement in the low injected gas pressure with the
appropriate applied voltage range is important to measure
the beam profile in the unsaturated region.

This is a preprint — the final version is published with IOP

INTRODUCTION
A gas-sheet based beam profile monitor, a gas-sheet
monitor, has been developed to measure the transverse
beam profile [1-3]. Because the intensity of the ions or
fluorescence, which are generated by the interaction
between the gas molecules and the beam, is proportional to
the beam intensity, their intensity distribution has the
information about the beam profile. In the monitor, the
unwanted influence on the beam, such as a scattering or
charge exchange, will be negligible due to the rarefied gas
density and thin thickness of the sheet-shaped gas, which
is around 107-108 molecules/mm3 and less than a few mm,
respectively. Thus, the gas-sheet monitor is a candidate of
a non-destructive beam profile monitor, especially for
high-intensity beam accelerators to prevent unallowable
levels of radiation. So far, the gas-sheet generator had been
developed to obtain the uniform and thin sheet-shaped gas
distribution [1, 2]. As confirmation experiments, the
transverse beam profiles of the electron and proton beam
with the energy of 30 keV and 10 MeV, respectively, were
observed [2]. In response to the successful results, the gassheet monitor system was installed to the J-PARC LINAC,
which accelerates H- beam to 400 MeV [3]. The
conceptional diagram of the monitor is shown in Fig. 1.
The sheet-shaped nitrogen gas is generated in the beam
trajectory at an angle of 30° by passing through the 2 slits
of the gas-sheet generator. The slits are located both up and
___________________________________
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bottom directions at the prospect of more uniform gas
distribution than with the prototype gas-sheet generator
which has an only one-sided slit. The gas is provided to the
slits through the gas injection line with a gas reservoir.
Although the system was designed for both ion and
fluorescence detection, we have performed ion detection so
far because the ionization cross section is much larger than
the fluorescence one. The spatial resolution in the ion
detection will be about 0.1 mm, which is decided by the
resolution of the microchannel plate (MCP). The dynamic
range of 103 is expected to be obtained by changing the
applied voltages on the MCP. They will be measured by
using the beam in the near future.
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Figure 1: Conceptional diagram of a gas-sheet based beam
profile monitor in J-PARC LINAC.
Several factors are related to whether this monitor can
observe the beam profile properly. The density uniformity
of the sheet-shaped gas in the beam cross-sectional area is
one of such factors because the intensity distribution of the
detected signal is proportional to the gas density. Further,
the applied voltage on the MCP and the pressure in the gas
injection line are other factors for the proper beam profile
measurement because too large voltage or pressure would
make the profile peak saturated. Thus, the purpose of this
article is to evaluate the gas-sheet monitor in J-PARC
LINAC from the perspective of the uniformity of the gas
density distribution and the dependence of the beam profile
on the MCP voltage and the gas injection line pressure.
First, the uniformity of the gas density is evaluated threedimensionally with the Monte Carlo simulation. Secondly,
the unsaturated region against the MCP voltage and the gas
injection line pressure are evaluated based on the
measurement.
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DEVELOPMENT OF THE BUNCH SHAPE MONITOR USING THE
CARBON-NANO TUBE WIRE
R. Kitamura† , N. Hayashi, K. Hirano, Y. Kondo,
K. Moriya, H. Oguri, JAEA/J-PARC, Tokai, Naka, Ibaraki, Japan
K. Futatsukawa, T. Miyao, M. Otani, KEK, Ibaraki, Japan
S. Kosaka and Y. Nemoto, Nippon Advanced Technology Co., Tokai, Naka, Ibaraki, Japan
Abstract
We are trying to develop the bunch shape monitor (BSM)
using the carbon-nanotube wire (CNT) to measure the longitudinal beam proﬁle of the high-intensity H− beam with 3
MeV. The spark from the CNT wire was the serious problem
for the operation, when the high voltage was applied to the
CNT wire. The operation condition with stability was found
up to about -5 kV by reducing the length of the wire and
the charging-up considering the properties of the CNT. The
bunch shape will be measured using the CNT-BSM with the
new wire holder to suppress the spark.

INTRODUCTION
In the Japan proton accelerator research complex (JPARC) linac, the H− beam supplied by the ion source is
accelerated to 400 MeV by the 3-MeV RFQ, 50-MeV DTL,
191-MeV SDTL and 400-MeV ACS [1]. Since the beam loss
and the emittance growth would potentially occur when the
beam current is increased, the more detailed measurement
of the beam dynamics is necessary in the high-intensity operation. The beam tuning plays the important role to supply
the high-intensity beam at the middle-energy beam transport (MEBT1) between the RFQ and the DTL, because the
space-charge strongly aﬀects the beam dynamics in the low
velocity region.
Recently, the bunch shape monitor (BSM) was introduced to measure the longitudinal beam distribution at the
MEBT1 [2] [3]. Figure 1 shows the schematic drawing of the
BSM. When the wire is irradiated with the output H− beam
from the RFQ, the secondary electrons are produced. These
secondary electrons are extracted by the electric ﬁeld generated by the high voltage applied to the wire and transported to
the subsequent RF deﬂector through the ﬁrst collimator. The
RF deﬂector modulates the electron beam from the phase to
the position. The DC voltage is also applied to the electrodes
of the RF deﬂector for the electrostatic-lens eﬀect and the
steering. The electrons matched to the phase of the RF ﬁeld
are selected by the second collimator. The bending magnet is
used to select the electrons with the kinetic energy matched
to the voltage applied to the wire. Finally the electrons are
detected by the secondary electron multiplier (SEM). When
the phase of the RF ﬁeld is changed, the bunch width of the
H− beam matched with the RF phase is measured.
However, the normal tungsten (W) wire is broken for the
high-intensity H− beam with 3 MeV at the MEBT1 because
†
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Figure 1: Schematic drawing of the BSM.

of the large energy deposit. The carbon-nanotube (CNT)
wire [4] is selected as the strong wire to measure such highintensity beam, since the CNT wire has a high-temperature
tolerance [5] and a small energy deposit due to the low
density compared with the W wire. The transverse beam
proﬁle of this high-intensity beam was measured with the
wire scanner monitor using the CNT wire [6]. Therefore, the
CNT wire is the good candidate for the BSM to measure the
high-intensity beam. This presentation reports the current
development status of the BSM using the CNT wire (CNTBSM).

STUDIES OF THE CNT WIRE WITH
APPLYING THE HIGH VOLTAGE
The CNT wire for this BSM is manufactured by Hitachi
zosen Co.. The diameter, the density and the electric resistance are 100 μm, 0.56 g/cm3 and 17.3 Ω/cm [7]. The high
voltage should be applied to the CNT wire to extract the
secondary electrons when the bunch shape is measured with
the BSM. However, the electron emission from the CNT is
known with applying the high voltage to the CNT [8] [9].
When the CNT wire was installed to the BSM, the spark
occurred with increasing the pressure and the leak current,
and the voltage could not be applied with stability. The surface of the CNT wire damaged by the spark was observed
by the Keyence VK-X210 laser microscope [10]. Figure 2
shows images of surfaces of the normal and damaged CNT
wires. When the wire is damaged, a part of the surface ﬂakes
oﬀ and the surface asperity is formed. Therefore, the spark
should be suppressed as possible for the stable operation of
the BSM to prevent the wire braking.
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DEVELOPMENT OF L-BAND CAVITY BPM FOR STF
S. Jang∗ , E-S. Kim, Dept. of Accelerator Science, Korea University, Sejong, South Korea
H. Hayano, KEK, Tsukuba, Ibaraki, Japan
Abstract
We developed a L-band beam position monitor(BPM)
with position resolution of few hundred nano meter for Superconducting Test Facility(STF) in High Energy Accelerator Research Organization (KEK). The L-band BPM was
developed to install inside the superconducting cryomodule
of STF in KEK and it’s test was performed at Accelerator
Test Facility(ATF) in KEK. The three L-band BPM are fabricated and installed at the end of Linac of ATF. The position
resolution measurement was performed with new L-band
BPM electronics.In this talk, we will describe about the development of L-band BPM and its beam test results of nano
meter level beam position resolution with new electronics
system.

INTRODUCTION
The STF is a research center for studies on issues 1.3GHz
superconducting cavity with cryostat system for the ILC [1].
The main goal of STF is development and complete ILC RF
unit which is compatible with ILC design and consisting of
three cyromodules which contain 8 SC cavities and beam
position monitor. The proto type of L-band cavity BPM for
the ILC cyromodule was developed at 2011 [2]. For the resolution measurements, three L-band BPM are fabricated and
1st stage electronics is developed with new design scheme.
A fabricated L-band BPM system are installed at the end
of linac of ATF, which is a research facility for a studies
on issues concerning the injector, damping ring, and beam
delivery system for the ILC [3]. The beam energy of ATF is
1.3 GeV and nominal beam charge is 1010 electrons/bunch.
Figure 1 shows the layout of ATF.

surement was performed at the end of ATF linac during last
spring beam operation.

Figure 2: The fabricated L-band BPM.

L-BAND CAVITY BPM
The L-band re-entrant cavity BPM is developed to install
inside cryostat for ILC and to monitor the beam orbit. The
L-band BPM should be operate under 2K condition and
measure the multi bunch beam position to stabilize the beam
orbits along the ILC linac. The sensor cavity used a cylindrical shape and the beam pipe size was determined to 78mm.
The resonant RF frequency was designed to be 2.04GHz to
avoid interference with acceleration cavity HOM. Figure 3
shows the HFSS simulation results of L-band BPM [4].

Figure 3: The HFSS RF simulation results of L-band BPM.

Figure 1: The layout of ATF. The red circle shows the installation location of three L-band BPM.
The entire L-band BPM system consists of three sensor
cavities (See Fig. 2), reference cavity and its electronics for
the signal processing. The L-band BPM resolution mea∗
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Table 1 shows the main parameters of L-band cavity BPM,
a resonant frequency of the dipole modes f0 , the loaded quality factor Q L , decay time τ. Unfortunately, the fabricated
three L-band BPM have a different resonant frequencies with
design frequency. However, the measured loaded Q values
are below 300, which means that the fabricated three L-band
BPM can be measure multi-bunch beam position under ILC
beam operation condition. All of these RF parameters of
L-band BPM are measured by using Network Analyzer.
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ARCHIVE SYSTEM OF BEAM INJECTION INFORMATION AT
SuperKEKB
H. Kaji∗ , T. Obina, High Energy Accelerator Research Organization, Ibaraki, Japan
Y. Iitsuka, East Japan Institute of Technology Co. Ltd., Ibaraki, Japan
M. Hirose, Kanto Information Service Co. Ltd., Ibaraki, Japan

Abstract

INTRODUCTION

The SuperKEKB collider [1] is a luminosity frontier machine aiming the world largest luminosity of
8 × 1035 cm−2 s−1 . It operates the electron beam of 7 GeV
and the positron beam of 4 GeV. Its phase-1 and phase-2
operations are successfully carried out in 2016 and 2018,
respectively.
The next task to realize the designed luminosity is the topup filling operation for both the electron ring (High Energy
Ring, HER) and positron ring (Low Energy Ring, LER). It
is necessary to keep large operation currents of 3.6 A (HER)
and 2.6 A (LER) under the short beam lifetime condition.
More injection tuning of injector linac (LINAC) [2] is required to realize the highly efficient and low-background
injections.
We develop the injection archiver system which records
information related to beam injection, pulse-by-pulse. It
can be utilized for the understanding and tuning of the injection condition. This system is designed and developed
during the shutdown period between the phase-1 and phase2 operations. Then it becomes fully functioning since April,
2018.
This report briefly introduces the specification of the injection archiver system. Then some results are discussed.

INJECTION ARCHIVER SYSTEM

The details of injection archiver system are described in
Ref. [3]. Here we introduce its overview and some details
of the data acquisition process.

Overview
Figure 1 is the schematic view of the injection archiver
system. The system consists of two computers. One is the
standard database server and the other is the EPICS IOC [4]
∗
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Figure 1: Schematic view of injection archiver system

with an Event Timing System module [5]. This IOC is called
“data collector”.
All data are collected from EPICS Process Variables (PVs)
and recorded on the database server. The data should be
recorded, pulse-by-pulse, are once collected on the data
collector with the process driven by the Event interruption.

Data Acquisition Process
The injected current recorded in the injection archiver is
defined as bunch current after injection minus that before
injection. Therefore, the data acquisition of the data collector
is implemented twice in every injection. The first and second
processes are implemented 17 ms before and 10 ms after
injection, respectively.
The data collector collects the bunch current at RF-bucket
to be injected beam pulse (Injection-bucket) from the bunch
current monitor (BCM) PV. This process records the different channels of BCM PV in every time since the Injectionbucket is changed in every injection pulse. The Injectionbucket information is instructed via the data buffer of Event
Timing System. Therefore data collector can record the data
of the correct BCM channel. This determination method
of injected current makes advantages as compared with the
ordinary method.
The bunch currents before and after injection are recorded
also for the neighboring RF-bucket (Neighbor-bucket) of
Injection-bucket. Those data can be utilized for studying the
effect of injection kicker magnets. Note, the storage bunches
in ±1 µs interval from the Injection-bucket are kicked with
the two sets of kicker magnets in the injection process.
The other advantage of the data collector is the unification
of timestamps. The all pulse-by-pulse data are recorded
with the CPU time of data collector. It is useful for offline
analysis of injection archiver data.
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The injection archiver system is developed for the
SuperKEKB collider. It records the information related
to beam injection, pulse-by-pulse, so that the detailed studies of injection conditions become possible. The system
is successfully operated during the phase-2 operation of
SuperKEKB. The fluctuation and significant loss of injected
current are observed with its new determination method.
Besides, the recorded data can be utilized for studying the
beam backgrounds related to the injection.
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DEVELOPMENT OF A DENSE GAS SHEET TARGET
FOR A 2D BEAM PROFILE MONITOR
N. Ogiwara†, Y. Hori, J-PARC KEK, Naka, Ibaraki 319-1195, Tokai, Japan
I. Yamada, Graduate School of Science and Engineering, Doshisha University, Kyoto, Japan
Y. Hikichi, J. Kamiya, M. Kinsho, J-PARC JAEA, Naka, Ibaraki 319-1195, Tokai, Japan

Abstract
We are developing a dense gas-sheet target to realize a
non-destructive and fast-response beam profile monitor
for the accelerators in the J-PARC. The beaming effect in
vacuum science and technology has been employed for
making a gas sheet. This time, we have developed a new
gas sheet generator with the density of 10−2 Pa using a
thin concentric circular slit with a large aperture.

INTRODUCTION

In order to supply continuously the beam of 1 MW in JPARC it is important to reduce the beam loss thoroughly.
Otherwise, the loss of even a small fraction of the beam
generates secondary radiation such as neutrons and beta
and gamma rays, which cause the components such as
beam ducts to be radioactive. Thus the non-destructive
and fast-response beam-diagnostic tools for extensive
researches have been strongly required. An idea to realize
the fast and non-disruptive beam profile detection is to
introduce a gas target so as to increase the interactions
with the beam [1,2,3]. The beaming effect in vacuum
science and technology has been employed for making a
gas sheet [4-6]. The gas sheet with a thickness of less than
1 mm and the density of 2  10−4 Pa was successfully
obtained. Then, the profiles of the 400 MeV H− ion beam
in J-PARC linac was successfully obtained by detecting
the ions generated through the collision of this gas sheet
to the H− beam. This time, we have developed a new gas
sheet generator with the density of 10−2 Pa using a thin
concentric circular slit with a large aperture. Gas is
introduced from the outside toward the center, leading to
the appearance of a large-scale of gas sheet around the
center. The details of the new gas sheet generator are
shown below.

MONTE CARLO SIMULATIONS

The test-particle Monte Carlo method in a molecular
flow regime is used to determine the angular and density
distributions [6]. The thin concentric circular slit with a
large aperture is modeled as shown in Fig. 1. The letters
r1 and r2 represent the radii of the aperture and the disk,
respectively. The gap between the two disks is shown as d.
Origin of Cartesian coordinates (x,y,z) is placed on the
center of the plane B and the azimuth λ is also defined as
shown in Fig. 1. The molecules are assumed to be
distributed uniformly and to impinge over the entry plane
A. Then the molecules are reflected according to the
cosine law from the inner wall of the circular slit. The
WEPGW037
2554

test molecules are generated until the number N0 of
outgoing molecules from the exit B amounts over than
1×105.

Figure 1: Calculation model.

Angular Distribution
The number Ni of outgoing molecules whose
trajectories are between λi and λi + Δλ is counted. Then the
angular distribution function na(λ) is defined as the ratio
of Ni to the total emitted molecules N0. That is:
na(λi) Δλ ≡ Ni/N0,
(1)
here, the Δλ is π/300 and λi = (i − 1/2) Δλ (i= −150,
−149, , 150).
The dependence of na(λ) on the gap “d” is shown in Fig.
2a). Here r1 and r2 values are maintained as 65 and 145
(mm), respectively. As the value of “d” decreases, the
distribution na(λ) is inclined to have a sharp peak at λ=0.
With the parameter set of (r1,r2,d)=(100,200,0.1) (mm),
the full width at half maximum (FWHM) of the function
na(λ) becomes less than 0.0025 rad. After all, only the
molecules with the smaller velocity parallel to the z axis
can come out. Thus, the molecules emitted from the
circular slit can be shaped into a sheet when the following
is satisfied: (r2 − r1)/d >> 1.

Density Distribution
As the molecules emitted from the exit are found to
converge on the xy plane, the depth of gas-sheet is
evaluated directly using the density distribution. In this
paper, we ignore the reflection of the emitted molecules
on the chamber wall and the other components in a
vacuum for simplicity.
Thus, we can calculate the density distribution function
nd(x,y,z) from the ratio η(x,y,z) of the number of
molecules transmitted through the virtual small object
with the volume V to the total number N0 of molecules
emitted from the slit per second. The center of the object
is assumed to be located at P(x,y,z). That is;
(2)
nd(x,y,z) = η(x,y,z) τ /V.
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BEAM CONTROL AND MONITORS FOR THE SPIRAL INJECTION TEST
EXPERIMENT∗
M. A. Rehman† , SOKENDAI (The Graduate University for Advanced Studies),
Kanagawa 240-0193, Japan
H. Iinuma, Ibaraki University, Mito, Ibaraki, Japan
S. Ohsawa, H. Nakayama, K. Furukawa, T. Mibe, H. Hisamatsu, High Energy Accelerator Research
Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
Abstract
A new experiment at J-PARC (E34) is under construction to measure the muon’s g-2to unprecedented precision
of 0.1 ppm and electric dipole moment up to the sensitivity
of 10−21 e-cm in order to explore new physics beyond the
standard model. A novel three-dimensional spiral injection
scheme has been devised to inject and store the beam into
a small diameter MRI-type storage magnet for E34. The
new injection scheme features smooth injection with high
storage efficiency for the compact magnet. However, spiral
injection scheme is an unproven idea, therefore, a Spiral Injection Test Experiment (SITE) at KEK Tsukuba Campus is
underway to establish this injection scheme. SITE consists
of a 80 keV thermionic electron gun, two-meter-long beamline, and a solenoid storage magnet. The DC electron beam
spiral track has been confirmed by the de-excitation of the
nitrogen gas in the vacuum chamber of the storage magnet.
A new wire scanner system has been developed to extract
the beam current, profile and geometrical information of
three-dimensional trajectory.

This is a preprint — the final version is published with IOP

INTRODUCTION
The most recent measurement of muon g-2 at BNL(E821)
conclude a 3 σ [1] discrepancy with the equally precise standard model prediction. The new J-PARC muon g-2/EDM
(E34) is under preparation to resolve this tantalizing discrepancy. The E34 experiment will employ a completely new
approach in order to measure the muon’s g-2. The final goal
of E34 is to measure the muon’s g-2 with a precision of
0.1 ppm and EDM down to the value of 10−21 e.cm [2].
In order to measure the muon g-2 a low emittance polarized muon beam will be stored in a precise magnetic field
to measure the evolution of the spin precession vector with
respect to time. In E34 a low emittance muon beam of momentum 300 MeV/c will be injected into a 3-T Magnetic
Resonance Imaging (MRI) type solenoid magnet in order to
store the muon beam on a 0.66 m diameter orbit. The MRItype storage magnet will provide an unprecedented local
field uniformity of 0.2 ppm. A new three-dimensional spiral
injection scheme has been invented in order to inject the
beam into the MRI-type magnet. This new injection scheme
will enhance injection efficiency and overcome technical
∗
†
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challenges related to the small storage orbit diameters. In
the spiral injection scheme, the beam will be injected at the
vertical angle into the storage magnet. The radial field of the
solenoid will decrease the vertical angle of the beam as it
approaches the mid plane of the magnet. Finally, a magnetic
kicker will guide the beam to the storage volume where the
beam will be stored under a weak focusing field [3–6].
The three-dimensional spiral injection scheme is an unprecedented injection idea, therefore, a demonstration experiment to establish the feasibility of this new injection scheme
is necessary. A scale down Spiral Injection Test Experiment
(SITE) with an electron beam is under development at KEK
Tsukuba campus. This paper will describe the development
of the wire scanner type monitors for the Spiral Injection
Test Experiment.

SPIRAL INJECTION TEST EXPERIMENT
(SITE)
The SITE setup is consists of a 2 m long straight beamline,
a solenoid storage magnet to store the electron beam and a
forty degree bend section to guide the electron beam towards
the storage magnet. A triode type thermionic electron gun
with LaB6 cathode is used to generate the DC electron beam
of 80 keV with the beam current in the range of a few µA.
After the electron gun, a magnetic lens focuses the beam. A
pair of steering coils also have been installed to control the
transverse position of the beam. An electric chopper system
after the electron gun produces a pulsed beam. Details of the
electric chopper can be found in [7]. A collimator of diameter 3 mm and depth 5 mm is placed after the electric chopper.
The collimator serves as the beam dump for the chopper
system and also creates a differential vacuum system for the

Figure 1: The side view of the 3D model of Spiral Injection
test Experiment.
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MULTI-RIBBON PROFILE MONITOR FOR HIGH POWER PROTON
BEAM AT J-PARC MR ABORT LINE
Kiwamu Sato∗ , The University of Tokyo, Tokyo, Japan
Yoshinori Hashimoto, Yoichi Sato, Susumu Igarashi, Tadashi Koseki† ,
J-PARC, KEK, Tokai, Ibaraki, Japan
Eitaro Hamada, KEK, Tsukuba, Ibaraki, Japan
Abstract
Japan Proton Accelerator Research Complex (J-PARC)
Main Ring (MR), the world-class high intensity proton
synchrotron, provides proton beam to two experimental
facilities with two extraction modes: Fast extraction (FX)
and Slow extraction (SX). The number of protons per pulse
(ppp) in MR recorded the world highest value of 2.7 × 1014
in the FX mode. Now we are planning to increase the ppp
further up to 3.3 × 1014 in near future. The beam profile is
one of the most important parameters to discuss the high
intensity beam dynamics in MR. Monitors using multi-wires
/ ribbons are effective to measure the beam profile with good
accuracy and wide dynamic range. However, they cause
significant beam losses by interactions with high-intensity
circulating beam in synchrotrons. Recently, we installed
new multi-ribbon profile monitor (MRPM) in an abort line
in MR. The abort line is one of the extracted beam lines
of the FX system. It has a quadrupole doublet which is
called Abort Q and transports extracted beam to a beam
dump. The FX system can extract the circulating beam in
MR with an arbitrary energy. Performing the single-pass
measurement with MRPM and changing the transfer matrix
by sweeping field strength of Abort Q, the emittance of the
extracted beam can be measured. In this paper, we present
the design, manufacturing, and results of the first beam test
of newly installed MRPM system.

This is a preprint — the final version is published with IOP

INTRODUCTION
J-PARC MR, the high-intensity 30 GeV proton synchrotron, provides proton beam to two experimental
facilities, the hadron experimental hall by the slow extraction (SX), and the neutrino beam line by the fast extraction
(FX). The number of protons in the FX mode records
2.6 × 1014 ppp. The mid-term goal of MR is to deliver 1.3
MW beam intensity to the neutrino beam line by shortening
the repetition time together with increasing the number of
ppp up to 3.3 × 1014 . To achieve the beam power, hardware
upgrade is now in progress for magnet power supplies, RF
systems, collimators, injection and FX extraction systems,
and so on as described in [1]. From the view point of
high intensity beam dynamics in the upgrade plan, the
beam emittance is one of key parameters to maximize the
performance and efficient commissioning of MR. The beam
∗
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profile monitoring with good accuracy and wide dynamic
range is important to measure the emittance. In March of
2019, the new profile monitor called Abort Multi-Ribbon
Profile Monitor (Abort MRPM) was installed in the abort
beam line which has an absorption capacity of 7.5 kW. It
is the first beam profile monitor installed in the abort line
in MR. The FX system in MR can extract the circulating
beam with an arbitrary energy. Therefore, the Abort MRPM
makes possible to measure beam profile at the arbitrary
energy from 3 GeV to 30 GeV. In addition, the measurement
in Abort MRPM does not affect MR circulating beam.
This feature of location allows us to perform beam study
effectivity.

DESIGN CONSIDERATION
Abort Line
The abort line is one of the branched beam lines in
the FX system of MR. The FX is a bipolar system and
can bend the extraction beam from MR both inside to the
neutrino beam line, and outside to the abort beam line.
The kicked beam to Abort line goes through a quadrupole
doublet (Abort Q), Abort MRPM, and finally absorbed
at the beam dump as shown in Fig. 1. For the use of the
emittance/dispersion measurement which is known as the
Q-scan method, MRPM was installed at the downstream
of Abort Q. To extend the field tunability of Abort Q, a
high power polarity switch was installed to the power supply.
Abort beam line branched at 25 m upstream
~2m

Abort Q

Figure 1: Abort MRPM location.

Chamber and Linear Actuator
The vacuum chamber consists of a main chamber and
a linear actuator which is supported with three guides as
shown in Fig. 2 (a). Main chamber is made of the stainless
steel called SUS304 and the size is 600 × 600 × 1000 mm3 .
The multi-ribbon of target module should be removable
from beam orbit easily. The target is set off-line in the
routine user operation and it is inserted to the orbit position
in the accelerator study. For this purpose, the linear actuator
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STUDY OF BEAM INJECTION EFFICIENCY IN THE FIXED FIELD
ALTERNATING GRADIENT SYNCHROTRON IN KURNS
T. Uesugi, Y. Fuwa, Y. Ishi, Y. Kuriyama, Y. Mori, H. Okita, K. Suga
Institute for Integrated Radiation and Nuclear Science, Kyoto University, Osaka, Japan
Table 1: Parameters of FFA Main Ring and Injector

Abstract
In the fixed field alternating gradient synchrotron at our
institute (KURNS), there are serious beam losses during
beam injection. In order to evaluate the efficiencies of beam
injection, rf capture, and beam extraction, separately, a well
calibrated electrostatic bunch monitor was installed to measure the circulating beam current at each energy region. This
paper reports the design of the monitor, calibration, and first
results of beam measurement.

Value

Particle
Kinetic energy
Revolution frequency
Average orbit radius

Proton
11 – 150 MeV
1.558 – 3.85 MHz , h=1
4.58 – 5.32 m

Dispersion
Acceleration speed

24 mm/MeV
1.4 keV/turn

INTRODUCTION

Accelerator complex of fixed field alternating gradient
(FFA) synchrotrons has been developed in Kyoto university
integrated radiation and nuclear science (KURNS), aiming to demonstrate the basic feasibility study of accelerator
driven sub-critical system (ADS). Originally the accelerator complex was composed of three cascade FFA rings [1]
connected to sub-criticial reactor in Kyoto university critical
assembly (KUCA). The ADS studies with this system were
started in March 2009 [2].
In 2011, the injector was replaced by linac and H− ion
beams of 50 µs long were injected directly to the final FFA
ring with charge exchange multi-turn injection [3]. With this
upgrade the accelerated beam intensity has been increased
up to 1 nA in 20 Hz repetition, but this number is only 0.25%
of the H− beam from the linac.
A number of studies, mainly based on simulation, has
been done to explain how beam was lost [4]. However, the
beam loss ratio which is reproduced in the simulations were
3% at the worst case. In order to investigate the beam loss,
it is necessary to measure circulating beam current at each
time. We installed a well calibrated nondestructive beam
monitor, which can measure the beam current independent of
transverse distributions. This paper reports the design of the
monitor, calibration, and first results of beam measurement.

ACCELERATOR IN KURNS

FFA Synchrotron Ring

The KURNS FFA synchrotron accelerates proton beams
of 11 MeV up to 100 MeV or 150 MeV. This machine is so
called radial sector scaling FFA, at which the main magnets
are designed such that the field B(r) along a radius is proportional to r k . Dispersion function is therefore (k + 1)r,
where r is the closed orbit radius. Having k=7.6, the orbit
excursion during acceleration is 74 cm in the ring.
Transverse emittance of an injected beam is assumed to
be 5 πmm-mrad in both horizontal and vertical phase spaces,
which corresponds to 20 mm in real space.
WEPGW040
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Parameter

Injected beams are captured and accelerated by a moving
rf bucket. In ordinary operation, the rf amplitude is fixed at
4 kV and the accelerating phase is 20 deg over the acceleration. Thus the energy gain is 1.4 keV/turn and the orbit shift
by the acceleration corresponds to 1 mm/30 turns. Since no
bump orbit system is employed here, it is assumed that the
injected particles hit the foil for more than 100 turns until
its orbit goes out of the foil. It causes energy losses and
emittance growths and a part of the beam is lost.

Conventional Monitors, BPM
The circulating beam current is used to be measured nondestructively by two electro-static bunch monitors. One is
a single flat electrode covering only the bottom half of the
chamber, aiming to detect the vertical oscillation, and the
other is composed of an array of five triangular electrodes
for horizontal oscillation, respectively. The output from
those monitors depends on the transverse coherent motions.
Moreover, because the opening angles of them seen by a
beam is not enough, the sensitivity might be reduced around
both edges (highest and lowest energy orbit). In order to
evaluate precisely the beam loss from injection to extraction,
a bunch monitor dedicated to the beam intensity monitors
are necessary.

FULL APERTURE BUNCH MONITOR
We have developed an electrostatic pickup (FAB) which
has a wider aperture than the full range of orbit excursion,
with surrounding it (Fig. 1). The monitor was installed at the
straight section across the trajectory of injected H− beams,
as shown in Fig. 2. The charge density of injected H− beams
are measured as well as that of circulating beams with the
same pickup efficiency.
Gap distance between vacuum chamber and the lower
plate is 20 mm and the capacitance is estimated to be 300 pF,
including readout structure and head amplifier.
Equivalent circuit of a electrostatic pickup is shown in
Fig. 3, where Cm and R are the capacitance and resistance
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DEVELOPMENT OF A GAS DISTRIBUTION MEASURING SYSTEM
FOR GAS SHEET BEAM PROFILE MONITOR
I. Yamada1,†, Graduate School of Science and Engineering, Doshisha University, Kyoto, Japan
N. Ogiwara, Y. Hikichi, J. Kamiya, and M. Kinsho, 1J-PARC center, Ibaraki, Japan
Abstract
The monitor system with sheet-shaped gas to non-destructively measure a two-dimensional transverse beam
profile is under development. To obtain a correct beam profile, measurement of the gas density distribution is indispensable because the signal from the monitor is in proportional to both the beam intensity and the gas density distribution. A measurement system for three-dimensional gas
distribution which detects ions produced by interaction between gas and electron beam has been developed. The system consists of an electron gun for producing ideal narrow
beam, electrodes to form a parallel electric field toward a
detector, a micro-channel plate and a phosphor screen.
Measured ion distribution was well explained by considering the effects of the thermal velocity and the middle or
viscos flow of the gas molecules.

This is a preprint — the final version is published with IOP

INTRODUCTION
A non-destructive beam profile monitor is demanded in
high intensity accelerator, like Japan Proton Accelerator
Research Complex (J-PARC), because a solid-based beam
profile monitor produces unallowable levels of the radiation. The beam profile monitors using residual gas in vacuum chamber have been developed [1]. However, the monitors still have some issues. One of the problems is that the
signal is low due to ultra-low gas pressure in the accelerator chambers. Monitors with injected gas, like a gas jet
monitor, are also being developed to solve the issue [2, 3].
We have been developing a gas sheet beam profile monitor to measure the transverse beam profile non-destructively in two dimensions [4, 5]. This monitor detects a
beam profile using ions, electrons, or fluorescence produced by interaction between sheet-shaped gas and the
beam. The gas sheet beam profile monitor gives the signal
that is in proportion to the beam intensity distribution and
the gas density distribution. One of the issues to utilize the
monitor is inhomogeneous detection efficiency due to the
non-uniformity of gas density distribution. To obtain the
correct beam profile data, we have developed a gas distribution measuring system.

gas interaction to a detector. The electron beam produces
ions when the beam passes through the gas sheet. One-dimensional gas distribution along the electron beam is obtained by transporting the ions to the detector. The gas distribution in three dimensions can be measured by scanning
the gas sheet or the beam in x and y directions of Fig. 1.
In this system, if the ion trajectories overlap on the detector, the ionization position cannot be distinguished and
the gas distribution cannot be measured. Therefore, electrodes to form a parallel electric field which transports the
ions to the detector with keeping the relation of the ionization positions was designed. It is necessary to experimentally evaluate whether the ionization position can be distinguished. A proof-of-principle experiment was conducted
with not a gas sheet but a narrow gas jet that plays a role as
a part of the gas sheet (Fig. 2). The narrow gas plays a role
of limiting ionization point. The relation between the ionization position and the detection position can be obtained
by moving the gas nozzle position.

Figure 1: Concept of the gas distribution measuring system.

GAS DISTRIBUTION MEASURING SYSTEM
Concept of the gas distribution measuring system under
development is shown in Fig. 1. This system measures the
gas density distribution in three dimensions before installing the monitor in an accelerator. The system consists
of a gas sheet that is a measuring object, an electron beam,
and an electric field to transport ions produced by beam____________________________________________

† ip_yamada@icloud.com

Figure 2: Concept of the proof-of-principle experiment.
Using a narrow gas jet instead of a gas sheet can limit the
ionization position. The relation between the ionization position and the detection position can be obtained by moving
the gas nozzle position.
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DEVELOPMENT OF THE LONGITUDINAL BEAM MONITOR WITH
HIGH TIME RESOLUTION FOR A MUON LINAC IN THE J-PARC E34
EXPERIMENT

M. Yotsuzuka† , T. Iijima, K. Inami, Y. Sue, Nagoya University, Nagoya, Aichi 464-8602, Japan
H. Iinuma, Y. Nakazawa, Ibaraki University, Mito, Ibaraki 310-8512, Japan
N. Saito, J-PARC Center, Tokai, Naka, Ibaraki 319-1195, Japan
K. Hasegawa, Y. Kondo, R. Kitamura, T. Morishita, JAEA, Tokai, Naka, Ibaraki 319-1195, Japan
K. Futatsukawa, N .Kawamura, T. Mibe, Y. Miyake, M. Otani, K. Shimomura, T. Yamazaki,
KEK, Tsukuba, Ibaraki 305-0801, Japan
H. Yasuda, University of Tokyo, Hongo, Tokyo 171-8501, Japan
Abstract
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The J-PARC E34 experiment aims to measure the muon
anomalous magnetic moment and the electric dipole moment
with a high precision. In this experiment, thermal muonium
is produced and ionized by laser resonance to generate ultraslow muons, which are then accelerated in a multistage muon
linac. In order to satisfy the experimental requirements, suppression of the emittance growth during the acceleration is
necessary. Because the main cause of the emittance growth
is beam mismatching between the accelerating stages, the
transverse and longitudinal beam monitoring is important.
The longitudinal beam monitor has to measure the bunch
length with the resolution equivalent to tens of picoseconds,
which is 1% of the acceleration phase of 324 MHz. In addition, it should be sensitive to single muon because the
beam intensity is limited during the commissioning phase.
To realize above requirements, we are developing a longitudinal beam monitor with a micro channel plate, and the test
bench to evaluate the monitor performance. So far, the time
resolution of the beam monitor was obtained to be 65 ps
in RMS including the jitter on the test bench. We also succeeded in measuring the longitudinal bunch size of the muon
beam accelerated by RFQ using the beam monitor. Further
improvement of the measurement system is needed to guarantee the required accuracy. In this paper, the results of the
performance evaluation for this beam monitor are reported.

INTRODUCTION
One of the physical quantities expected to be sensitive
of new physics is the muon anomalous magnetic moment
(𝑔 − 2). The muon 𝑔 − 2 has been measured with 0.54 ppm
precision by the E821 experiment at Brookhaven National
Laboratory [1]. The result indicates a deviation of more than
3 𝜎 from the Standard Model prediction [1, 2]. The J-PARC
E34 experiment aims at a measurement of the muon 𝑔 − 2
with a precision of 0.1 ppm and the muon Electric-dipoleMoment (EDM) at 10−21 e ⋅ cm with a novel method [3].
In order to reduce the main systematic errors in the previous experiment, a low-emittance muon beam is used in the
J-PARC E34 experiment. It is achieved by re-acceleration of
†
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ultra-slow muons with a kinetic energy of 25 meV generated
from thermal muonium production and laser dissociation [4].
The muons are accelerated to 212 MeV by a muon linac as
shown in Fig. 1. The acceleration frequency is 324 MHz for
RFQ [5] and IH-DTL [6], and 1296 MHz for DAW-CCL [7]
and DLS [8]. Table 1 shows main parameters of the muon
linac. The design beam intensity is 1 × 106 /sec. At the
commissioning stage, the beam intensity is limited by the
ultra-slow muon source and expected to be order of single
muon per pulse.

Figure 1: Schematic of the muon linac [3].
Table 1: Main Parameters of the Muon Linac [9]
Particle
Energy
Beam intensity
Repetition rate
Beam pulse width
Normalized transverse emittance
Momentum spread

In order to satisfy the experimental requirement, beam
matching between the acceleration cavities is important to
avoid the emittance growth. A beam profile monitor was
already developed for beam diagnostic in the transverse direction [10]. The longitudinal beam matching is important
especially in the IH-DTL because the IH-DTL adopts an
alternative phase focusing (APF) scheme; there is a strong
correlation between the longitudinal and transverse directions in the APF scheme, and the longitudinal mismatch
results in emittance growth in both the transverse and longitudinal directions.
A longitudinal beam monitor has been developed for the
beam diagnostic between the RFQ and IH-DTL. Figure 2
shows expected distribution in the longitudinal direction at
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QUALITY ASSURANCE FOR CSNS OPERATION
L. Wang†, Y.L. Zhang, P. Chu, X. Wu, F.Q. Guo, Y.C. He, P. Zhu, M.T. Kang, D.P. Jin,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
Because CSNS (China Spallation Neutron Source) is
now in early operation, the focus has been shifted from
beam commissioning to reliable operation, therefore, a
suite of QA (Quality Assurance) tools is under development. These tools include operation summary system, issue tracking system and alarm information system. This
paper presents the design of the QA tools in CSNS and the
status of their development.

INTRODUCTION
Currently, operation summary system, issue tracking
system and alarm information system have been developed
as Web-based QA tools for CSNS operation. All of them
are developed based on Java EE [1] backend programming
language, PrimeFaces [2] web user interface and MySQL
relational database technologies. Operation summary system records operation schedule and breakdown information, it also provides statistical data for reports. Issue
tracking system records and tracks issues during machine
operation and maintenance. Alarm information system provides alarm history information.

OPERATION SUMMARY SYSTEM
Operation summary system accepts users’ input of operation schedule and breakdown information, thus daily summary and statistical report information can be generated accordingly. The system architecture is shown in Fig. 1.

Access Control
The system uses LDAP (Lightweight Directory Access
Protocol) for user authentication, and user permissions are
divided into anonymous user, normal user, operator-incharge and administrator. The access control strategy is as
follows:
 Anonymous users can only read machine time, breakdown and daily summary information.
 Besides the anonymous user permission, normal users
can also generate report data.
 In addition to the normal user permission, operatorsin-charge can also create, delete and modify machine
time and breakdown entries.
 On top of all operators-in-charge permission, administrators can also change the system configurations.

Machine Time Input and Query
The machine time main page is shown in Fig. 2, it provides input entry, entered data and filter options. Data input
dialog is shown in Fig. 3, input fields include type of operation schedule, start time, end time and description. The
filter function supports type of machine time, description,
data entry person and data entry time. In data display area,
modify and delete links as well as modified history and detailed information links are provided. Detailed information
is shown in Fig. 4.

Figure 1: Architecture of operation summary system.

System Design
The system design of operation summary system is as
follows:
 During machine operation, users should input each
type of machine time, which is preparation, beam operation, machine study, scheduled downtime, breakdown or other.
 The system can automatically calculate daily summary information, which includes total time of each
type of machine time for each day.
 The system can generate report for overall machine
time and breakdown.
 The system provides keyword search function.
 The system provides web pages as user interface.

Figure 2: Machine time main page.

Figure 3: Machine time input dialog.

___________________________________________
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Figure 4: Machine time detailed information.
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STUDY ON THE INFLUENCE OF BEAM TRANSVERSE POSITION
ON THE CAVITY BUNCH LENGTH MEASUREMENT∗
Qian Wang, Qing Luo† , Baogen Sun‡ , Shimin Jiang
NSRL, University of Science and Technology of China, 230029 Hefei, China

Abstract

Monopole modes in the resonant cavities are wildly used
to obtain the beam current and the bunch length, while dipole
modes are used to measure the beam transverse position. It is
generally recognized that the monopole modes are independent of the beam transverse offset. In this paper, the influence
of beam transverse offset on the bunch length measurement
using monopole modes is analyzed. The simulation results
show that the relative error of the bunch length measurement
is less than 1 % when the beam offset is within 1 mm.

INTRODUCTION

Bunch root mean square (rms) length is one of the important beam parameters. As an effective way to measure the
rms bunch length, resonate cavities are wildly used for the
past few years [1–4]. The measurement can be achieved by
extracting the monopole modes because it contains the information about the rms bunch length. In previous studies, it is
assumed the bunch passes through the beam drift tube on the
axis of the cavity, and the bunch length is measured without
regard to beam transverse offset, since the monopole mode
is deemed to be independent of the beam transverse position.
But in reality, the measurement needs at least two monopole
modes, and the beam position have effect on the two modes.
Therefore, the errors must be considered. In this paper, by
taking the cavity bunch length monitor in the National Synchrotron Radiation Laboratory infrared free-electron laser
facility (FELiChEM) [5], the influence of beam transverse
offset on the bunch length measurement is analyzed.

the bunch charge q and the bunch length σ can be obtained
by solving the simultaneous equations
q

ω2 σ2
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It follows that the bunch length can be described as:
σ=

q
2 ln[k2V1 /(k 1V2 )]/(ω22 − ω12 ) .

(3)

Taking the output voltage of the two monopole modes, V1
and V2 , into Eq. (3), the bunch length can be obtained.

Cavity Monitor
According to the requirements of FELiChEM, the cavity
bunch length monitor has been designed, as shown in Fig. 1.

THEORETICAL BASIS

When a bunch passes through the cavity, many monopole
modes such as TM010 mode and TM020 are excited. The
output voltage of a monopole mode can be written as [6, 7]
s
 ω2 σ 2 
1
Z(R/Q0 )
V = ωq
exp −
,
(1)
2
Q ext
2

where ω is the mode working frequency, q is the bunch
charge, Z is the impedance of the detector, (R/Q0 ) is the
normalized shunt impedance, Qext is the external quality
factor of the mode and σ is the rms bunch length. We need
at least two monopole modes in different frequencies, and
∗
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Figure 1: The cavity bunch length monitor.
This monitor is composed of two cavities. The TM010
mode in the first cavity and the TM020 mode in the second
cavity are used to measure the bunch length. The two modes
resonate at 0.9515 GHz and 6.1847 GHz, respectively. The
signal coupler consists of two coaxial probes with axial
symmetry.
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APPLICATION OF CLUSTERING BY FAST SEARCH AND FIND OF
DENSITY PEAKS TO BEAM DIAGNOSTICS AT SSRF*
R. T. Jiang†, Y. B. Leng‡,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, 201800 Shanghai, China
Abstract
With the increased technological complexity of accelerators, meeting the demand of beam diagnostics and operation need more powerful and faster methods. And detecting
the accuracy and stability of beam position monitors(BPMs) are important for all kinds of measurement
systems and feedback systems in particle accelerator field.
As an effective tool for data analysis and automation, the
machine learning methods had been used in accelerator
physics field, recently. Among machine learning methods,
the clustering by fast search and find of density peaks as a
typical unsupervised learning algorithms could be performed directly without training in arbitrary accelerator
systems and could discover unknown patterns in the data.
This paper used clustering by fast search and find of density peaks to detect faulty beam position monitor or monitoring beam orbit stability by analysis five typical parameters, that is beta oscillation of X and Y direction (BetaX and
BetaY), transverse oscillation of X and Y direction(AmpX
and AmpY) and energy oscillation(AmpE). The results
showed that clustering by fast search and find of density
peaks could classify beam data into different clusters on the
basis of their similarity. And that, aberrant run data points
could be detected by decision graph. Morever, analysis results demonstrate the characteristic parameters AmpE,
AmpX and BetaX amplitude have the same effect to distinguish the faulty BPMs and the AmpY and the BetaY amplitude are also.

INTRODUCTION
The storage ring in SSRF is equipped with 140 BPMs
located at 20 cells of the storage ring to monitor the beam
dynamics [1]. The BPMs at the beam lines after the insertion devices (ID) or the bending magnets are of great importance, because they also serve as the orbit feedback system to ensure stability of the electron Beams [2]. Meanwhile, the BPM confidence levels included in the feedback
system can be used to estimate stability of the beam dynamics. Some BPMs can be also used to do measurements
other than the beam position, such as the (relative) beam
current or life time. Therefore, an abnormal BPM should
be found and treated and a beam position monitor (BPM)
system is an essential diagnostic tool in storage ring of a
light source.
A typical BPM system consists of the probe (button-type
or stripline-type), electronics (Libra Electronics/ Brilliance
___________________________________________
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in SSRF) and transferring component (cables and such).
Ever since the SSRF commissioning in 2009, the BPM
have occurred all kinds of malfunction. They were permanently damage of individual probe or corresponding cable,
misaligned (position/angle) probes, high-frequency vibrations, electronics noise, and others. These faults mean totally useless of the signals from the BPM, which should be
ignored until its replacement or repair. Hence, it is essential
to find an effective method to detect the faulty BPM for
operation of the storage ring.
With development in machine learning methods, a series
of powerful analysis approaches make it possible for detecting beam position monitor’s stability. Cluster analysis
is one of machine learning methods. It is aimed at classifying elements into categories on the basis of their similarity
[3]. Its applications range from astronomy to bioinformatics, bibliometric, and pattern recognition. Clustering by
fast search and find of density peaks is an approach based
on the idea that cluster centres are characterized by a higher
density than their neighbours and by a relatively large distance from points with higher densities [4]. This idea forms
the basis of a clustering procedure in which the number of
clusters arises intuitively, outliers are automatically spotted
and excluded from the analysis, and clusters are recognized
regardless of their shape and of the dimensionality of the
space in which they are embedded. In addition to, it is able
to detect nonspherical clusters and to automatically find the
correct number of clusters.
Based on the advantage of clustering by fast search and
find of density peaks, this study researches the stability of
beam position monitors to locate the BPM malfunctions at
SSRF.

EXPERIMENTAL DATA AND ANALYSIS
METHOD
In this study, the experimental data were collected from
the beam running data including beta oscillation of X and
Y direction, the amplitude of X and Y direction and the amplitude of energy oscillation. In general, the malfunctions
could be judged by the abnormal fluctuations of above parameters. The parameters also have an important problem
that is to detect the performance differences of different
BPMs. Therefore, this study research the accuracy and stability of beam position monitors based on the data of above
five parameters. Theoretically, the BPM could be considered as malfunction when its fluctuation ranges beyond the
range of horizontal β-function which is reference value.
On the other hand, the performance differences of different
BPMs were be expect to distinguish by different cluster
centres based on cluster analysis.
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KEY TECHNOLOGIES FOR REMOTE DETECTION OF CSNS RADIATION
ENVIRONMENT *
L. Kang†1, J. X. Chen1, G. Y. Wang1, H. Y. He1, J. B. Yu1, X. J. Nie1, Y. J. Yu1, C. J. Ning1,
A. X. Wang1, J. S. Zhang1, L. Liu1, D. H. Zhu1, Renhong Liu1
Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China
1
also at Dongguan Neutron Science Center, 523808 Dongguan, China

Abstract
China Spallation Neutron Source (CSNS) has been continuously running since September 2018. As the running
time increases the radiation dose will also increases, and
some equipment maintenance and testing must use special
tools due to the high radiation dose. This paper mainly introduces several detection technologies which had been
used in the CSNS radiation environment, such as remotecontrolled vehicle using in front of the target station, strong
magnetic field environment vibration measuring system,
quick response (QR) code tracing patrol vehicle and remote image measurement system, etc. These technologies
also have a guiding significance to other related fields.

The remote-controlled walking vehicle is mainly used as
a remote platform for the maintenance operation of the
front-24-meters to complete the drop and grab operation of
the photography-specific alignment target ball, as well as
the leak detection vacuum tube of the front-24-meters. The
remote-controlled walking vehicle could stretch across the
both sides of the tunnel and runs at the third step in the
section of front-24-meters, as shown in Figure 1. The tunnel at the end of the RTBT is in the shape of a "horn".

INTRODUCTION

China Spallation Neutron Source (CSNS) is a strong
neutron source device driven by a high-energy proton accelerator, which will produce a large dose of radiation during its running. CSNS began offering to users in September
2018, and the accelerator has provided beam to the target
station for more than 3600 hours at the end of March 2019.
With the increase of beam provided time, the radiation dose
of the accelerator device increases accordingly. Due to the
radiation dose, some inspection operations cannot be performed by using conventional methods. The CSNS mechanical design team had developed several special tools
for equipment maintenance and testing, such as the remote
vacuum leak detection equipment, strong magnetic field
environment vibration measuring system, QR code tracing
patrol vehicle and remote image measurement system. In
the future, the remote disassembly and assembly technologies and tools which can be used in the radiation environment will also be developed to provide technical support
for CSNS operation and maintenance.

Figure 1: The remote-controlled walking vehicle.
The remote-controlled walking vehicle is composed of a
walking extension mechanism and three directional translational lifting guide rails to realize the delivery of maintenance tools for alignment or detection operation. Maintenance tools can be lead to the specified location by the 3meters-long vertical arm which can sufficient to balance
30kg. When walking at the third step, the remote-controlled walking vehicle will automatically extend the
length according to the structure in span of the "horn" to
ensure that the wheels always walk on the surface of the
tunnel step.

Remote Target Drop-and-grab Device

REMOTE-CONTROLLED VEHICLE IN
FRONT-24-METERS

The remote control walking vehicle can be equipped
with the target drop-and-grab device to realize the photography-specific alignment target ball dropping and grabbing
operation.

The devices of CSNS located at the junction of the target
station and ring to the target station beam transport line
(RTBT-called front-24-meters), has been exposed to proton
and neutron radiation during operation. After long-term accelerator operation, these devices will remain higher radioactive and cannot be directly touched by hands. When
maintenance is required, the staff must stand on the tunnel
shield for installation, disassembly or alignment measurement.

Figure 2: Remote target drop-and-grab device.

___________________________________________
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DEEP LEARNING APPLIED FOR MULTI-SLIT IMAGING BASED BEAM
SIZE MONITOR∗
B.Gao† , Y.B.Leng‡1 ,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai, China
X.Y.Xu1 , Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai, China
1 also at University of Chinese Academy of Sciences, Beijing, China
Abstract
In order to satisfy the requirement of high speed measurement and improve the accuracy of BSM (beam size monitor),
multi-slit imaging based BSM has been proposed by SSRF
at 2017. However, it is very difficult to deconvolve the image and figure out the beam size, which requires dedicated
algorithms to solve this issue. Deep learning is one of the
most popular algorithms, which can learn to mimic any distribution of data. In the region of Beam instrumentation,
they can be taught to deal with many difficult problem. In
this paper, multi-layer neural network is used to process the
images from the multi-slit imaging system. Training processes, struct of the neural networks and the result of the
experiments will be presented.

INTRODUCTION
Third-generation synchrotron light sources are aimed to
achieve low emittance and a small emittance-coupling ratio.
To measure the small beam size in few tens micro meters
level is very necessary. Visible light interferometer, developed by T. Mitsuhashi [1] has high resolution in beam size
measurement, which has been applied in many syncrotron
facilities around the world. However,each method has advantages but also limitations, double-slit synchrotron radiation
interferometer is limited at high speed measurement due
to its low light throughput. High speed measurement is
necessary and important for machine study and operation.

Motivation
In order to satisfy the requirement of high speed measurement and improve the accuracy of BSM (beam size monitor), demo multi-slit imaging system have been designed
and tested at SSRF [2]. To figure out the beam size, beambased calibration method has been employed, by varying
the beam size at the source point and observing images of
the synchrotron radiation through the 3-slit using a CCD
camera, which is effective to find the correlation between
the images and the beam size. Nevertheless, beam-based
method requires machine study time, which is very valuable
for user facilities like SSRF.
Machine learning methods have been widely used in various fields, which is also very popular in the field of accel∗
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erator science. Machine learning can use a large amount of
historical data to analyze the correlation of physical quantities between different kind of data. It is very useful for
image analysis of multi-slit imaging systems. In this paper,
multi-layer neural network is used to process the images
from the multi-slit imaging based BSM.

Deep Learning
Deep learning (deep structured learning, hierarchical
learning or deep machine learning) is a branch of machine
learning based on a set of algorithms that attempt to model
high-level abstractions in data by using multiple processing
layers, with complex structures or otherwise, composed of
multiple non-linear transformations. Multi-layer neual network employed in this paper is one of the deep learining
algorithm.
This article focuses on the feasibility study of deep learning applied for the analysis of multi-slit imaging. In the
following sections, data preparation, struct of the neural networks, training processes and the result of the experiments
will be presented.

DATA PREPARATION
Since this study is only theoretical verification, data used
in this paper all obtained from simulation. Synchrotron
Radiation Workshop (SRW) code was applied as the simulate
tool for the source description and wavefront transport, while
algorithm based on python is used to analyse its outputs [3].
SRW is a wave optics simulation code that can take the actual
wavefront of the light emitted by a filament like source in
the bending magnet and propagete it.
For deep learning, the most important thing is to ensure
high quality training data. In this case, the goal is studying
the correlation between the image and beam size. Therefore,
we need a large number of different source point sizes and
combinations of corresponding multi-slit imaging images.

3-slit Imaging System Simulation
First of all, settings of the light source need to be initialized. The parameters of the diagnostic beamline at SSRF
are as Table 1. Based on this setting, the beam size is 55.5
µm at horizontal and 27.7 µm at vertical. After the design
of the source is the optical arrangement of multi-slit based
BSM, simulation with SRW is show in Fig. 1.
This is a 3-slit imaging system, parameters of the system:
pitch of each slit is 0.7mm, size of slit is 0.5mm and focus
length of lens is 0.5 m. For the optical arrangement, the
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DESIGNING OF A SOLENOID LENS FOR THE APPLICATION TO A
COMPACT ELECTRON BEAM TESTING BENCH*
S. Y. Lu†, T. N. Hu, X. D. Tu, Y. Q. Xiong, P. Yang, G. Y. Feng
State Key Laboratory of Advanced Electromagnetic Engineering and Technology
Huazhong University of Science and Technology(HUST), Wuhan, China
Abstract
To calculate beams transport is vital for designing vacuum pipe and arranging focusing elements for each electron beam line system. Space charge effects of a low-energy, high-intensity DC electron beam focused by a solenoid lens with bucking coil are investigated theoretically in
this paper. A second-order equation is numerical solved for
the beam envelope focused by a short solenoid lens. In addition, a conventional transfer matrix of solenoid is not applicable to low-energy, high-intensity electron beams because the strong space charge effects are ignored. By cutting a solenoid into several segments, we have derived a
micro-transfer matrix which takes space charge fields into
account, and a complete beam envelope for a transport system. A simulation is used to verify our theoretical calculation results, and corresponding discussions are given in detail.

INTRODUCTION
The external cathode electron gun with two independent
tunable cavities has many merits which are used in THzFEL field [1]. As the injector of the RF gun, a high intensity
and low energy electron gun is required [2]. To measure the
key parameters of the high-intensity, low energy gun, a
compact beam diagnostics instrument has been constructed
in Huazhong University of Science and Technology.

To calculate envelop of beams is critical, it will guide the
design of vacuum pipe and matching of focusing elements.
Due to lacking a suitable mathematic model for a bucking
coil, calculating beam envelope were complicated. Plus,
space charge effects of high intensity current and low energy beam are not negligible when calculating the envelop
of strong current low energy beam through a solenoid.

DESIGN OF A SOLENOID LENS
It is necessary to perform an appropriate initial focus at
the exit of the electron gun, which provides to counteract
emittance growth stem from space charge effects and control beam envelope. The strong space charge effects of high
intensity and low energy beams causes beams to diverge. A
solenoid lens which is more suitable for installation in a
compact space than other focusing magnets because the solenoid lens focuses the beam in both x and y directions
(Fig. 2).

Figure 2: The 3D model of the solenoid lens.
A solenoid lens isn’t placed far from the cathode [4], the
magnetic field generated by the solenoid will stretch to the
cathode. However, this leak magnetic field leads to not
only the emittance increase, but also make electron run
back stream and hit electron gun cathode, and even damage
cathode eventually. In order to avoid situations stated
above, a bucking coil was being used with electron gun.

Figure 1: The layout of the compact beam diagnostics instrument built in HUST.
The primary layout is shown in Fig. 1. Take the cathode
of the electron gun as the origin point of the coordinate, the
distance between the cathode and anode is 18 cm. The electron gun and focusing solenoid are connected by a flange
which thickness is 6 cm. The total length of the solenoid is
7 cm, and the downward flag and the flapper valve are 22
cm in total. The diagnostic instrument integrates beam current, emittance and energy dispersion measurements in one
device [3].
___________________________________________
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Figure 3: The focal length as a function of the NI number.
The key parameter of the solenoid is the NI number. If
the NI number is large, the focal length of the electron
beam is short. However, too short length will cause the
beam diverge rapidly, and beams will hit the vacuum tube
after passes through a drift tube. On the contrary, using a
small NI number extends the focal length, but it won’t constrain beams well, resulting beam divergence. The focal
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A ROTATION METHOD TO CALIBRATE BPM ELECTRIC OFFSETS
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Abstract
Beam position monitor is a key instrument for machine
commissioning. To measure beam position accurately, offline calibrations to acquire the sensitivity and offsets of the
BPM are essential prerequisites. A new method to calibrate
the BPM electric offset is proposed in this paper. By measuring the location variation of the BPM electric center after
rotating the BPM 180 degrees, the BPM offset can be derived.
The method is more convenient, universal and accurate than
the traditional methods. The method is successfully applied
to calibrate the button BPM of Xi’an Proton Application
Facility. The repetitive measurement error is 20.8µm.

This is a preprint — the final version is published with IOP

INTRODUCTION
Beam Position Monitor (BPM) is a key instrument to observe beam positions along beam transport line. The output
data from the BPM system shows the orbit position relative
to the BPM electric center, rather than the BPM geometrical center. For an ideal BPM, the electric center coincides
with the geometrical center. However, due to machining and
assembling errors, the BPM electric center is decentered in
reality. To measure absolute beam position accurately, BPM
should be calibrated offline before installation. Wire method
is the mostly used BPM calibration method. A thin wire
is driven at appropriate rf frequency to simulate beam and
provide output signals. It can not only calibrate the BPM
sensitivity and nonlinearity, but also the BPM offsets with
known wire position relative to the BPM geometrical center.
Usually, special mechanical toolings, such as microscope
and ball head pin [1], survey and locating pin [2], micrometer and dowel pin [3], fiducials and laser tracker [4], are used
to locate the wire position relative to the BPM geometrical
center. These methods have some common drawbacks, like
complex measurement procedures and not universal. Relocating is necessary when calibrate a new BPM, and every
type of BPM needs particular mechanical toolings. This
paper proposed a new method to calibrate the BPM offset by
rotating BPM. Compared with the traditional method, the
new method is simpler, more accurate and versatile.

frequency to simulate beam. When the wire is located at the
center of the BPM, output signal amplitudes of the opposite
electrodes are equal. The working principle of the method is
shown in Fig. 1. Firstly, move the wire to the BPM electrical
center. Then, rotate the BPM 180 degrees. Due to the offsets
among the BPM electric center, the BPM geometrical center
and the center of rotation. Position of the BPM changes, and
the wire is no longer located at electric center of the BPM.
Move the BPM to make the output signals the same, that
is, the wire is located at the BPM electric center again. In
the measurement, the wire is always fixed. And the BPM
electric center is coincident with the wire in the step 1 and
step 3, that is, the BPM is actually rotated about the BPM
electric center.Therefore, the BPM electric center relative to
the BPM geometric center is just half of BPM position variation, that is , (d 2 − d 1 )/2. More detailed derivatives are as
followings. Denote the offset between the BPM geometrical
center and the center of rotation as O1 , the offset between
the BPM electric center and the BPM geometrical center as
O2 and the offset between the BPM electric center and the
center of rotation as O3 . Obviously
O3 = O1 + O2

At the moment, distance from the BPM to rangefinder is
d 1 . After rotating the BPM about the center of rotation 180
degrees, the distance from the rangefinder to the BPM is
d 1 − 2O1 , and the distance needed to move the BPM electric
center to the wire location is 2O3 . Therefore, the distance
from the final BPM location to the rangefinder is
d 2 = d 1 − 2O1 + 2O3

∗
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d 2 − d 1 = 2O2

(3)

The measurement is irrelevant to the center of rotation,
that is, BPM installation location can be arbitrary. The
method does not need any special mechanical toolings for
positioning. Hence, the method is universal, it is applicable
for different type of BPMs.

TEST BENCH
A test bench was constructed to test the method. Picture
of the test bench is shown in Fig. 2. A 0.19 mm diameter
copper wire, used to simulate beam, is secured at the SMA
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Substituting Eq. 1 into Eq. 2, we obtain

METHOD
The new method is adapted from a magnetic center measurement method [5]. It is using a wire driven at 325 MHz

(1)
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STUDY WITH WIRE SCANNER AND BEAM LOSS MONITOR AT CSNSLINAC
J.L. Sun†, Z.H. Xu, J.M. Tian, L. Zeng, R.Y. Qiu, T. Yang, T.G. Xu, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China

Abstract
The China Spallation Neutron Source (CSNS) has been
passed the national acceptance in 2018 and opening for users for several months. Some beam study experiments with
wire scanner and beam loss monitor were performed at the
CSNS-LINAC during the machine study time. Quite
amount of positive ions were found by wire scanner at the
Middle Energy Beam Transport line (MEBT), but no more
exist at LINAC to Ring Beam Transport line (LRBT).
Meantime, the sensitivity of the Beam Loss Monitor
(BLM) was verified by the wire scanner through these experiments.

Profile Measurement
Stepper motor driven type wire scanner is used for the
beam profile measurement at CSNS-LINAC, mechanical

INTRODUCTION

The CSNS accelerates proton beam pulses to 1.6 GeV
kinetic energy at 25 Hz repetition rate, striking a Tungsten
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 500 kW beam power at the
same repetition rate and same output energy in the second
phase. A schematic layout of CSNS phase-1 complex is
shown in Fig. 1. LINAC consist of an ion source, RFQ,
DTL and beam transport lines. The ion source produces a
peak current of 25 mA H- beam. RFQ bunches and accelerates it to 3 MeV and DTL raises the beam energy to 80
MeV. Then H- beam is injected into RCS and converted to
proton beam via a stripping foil, RCS accumulates and accelerates the proton beam to 1.6 GeV before extracting it
to the target [1, 2].

Figure 1: Schematics of the CSNS complex.
For the beam instrumentation system of CSNS, plenty
of key monitors are distributed along the beam line, including beam position monitor (BPM), beam current monitor,
beam profile monitor, beam loss monitor and so on [3].
Layout of the beam instrumentation system as shown in
Fig. 2.

Figure 2: Layout of the beam instrumentation system of
CSNS.
schematic as shown in Fig. 3, during the measurement a
frame with three wires mounted is driven by a stepper motor scanning through the beam. H- loses 2 electrons on the
wire during the interception and the beam profile can be
obtained by measure the amount of these electrons during
scanning.

Figure 3: Mechanical schematic of CSNS wire scanner.
Carbon wire with 50 μm diameter is applied at MEBT,
as carbon wire has lower energy deposition thus has longer
life time than the metal wire. Tungsten wire with 30 μm
diameter is applied at LRBT, here the energy deposition is
not a fatal issue any more since the beam energy has been
increased to 80 MeV.

Beam Loss Measurement
Ionization chamber filled with Argon and Nitrogen plus
self-developed electronics is the main solution at CSNS for
beam loss measurement. The schematic of the BLM as
shown in Fig. 4. All ion chambers were calibrated through
a Cobalt-60 plus Keithley-6517 system after manufactur-
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BEAM LONGITUDINAL DISTRIBUTION RECONSTRUCTED BY
GESPAR METHOD AT CAEP THz FEL∗
D. Wu, J. X. Wang, Q. Pan, X. Luo, D. X. Xiao,
K. Zhou, X. M. Shen, P. Zhang, L. J. Shan, T. H. He, J. Liu, L. G. Yan, P. Li†
Institute of Applied Electronics, China Academy of Engineering Physics, Mianyang, 621900, China

Abstract
Coherent radiation can be used to measure the longitudinal distribution of the electron beam bunch of any length,
as long as the coherent radiation spectrum can be measured.
In many cases, the Kramers-Krönig relationship is used to
reconstruct the temporal distribution of the beam from the
coherent radiation spectrum. However, the extrapolation
of the low frequency will introduce the uncertainty of the
reconstruction. In this paper, GrEedy Sparse PhAse Retrieval (GESPAR) method was used to reconstruct the beam
longitudinal distribution measured by coherent transition
radiation on the THz FEL facility of China Academy of Engineering Physics. The results indicate that the GESPAR
method works well for the complex and ultrashort distribution. It will be an effective tool to accurately measure the
femtosecond bunch temporal structure.

INTRODUCTION

During the past decades, many methods were developed
to measure ultrashort electron beam bunch length, such as
streak camera [1], RF zero-phasing [2], deflecting cavity
[3], electro-optic sampling [4] and coherent radiation [5–7].
Coherent radiation, such as coherent transition radiation, coherent diffraction radiation, coherent synchrotron radiation,
etc, can be used to measure the longitudinal distribution
of the electron beam bunch of any length, as long as the
coherent radiation spectrum can be measured. When the
electron bunch length become as short as a few femtosecond
nowadays, the coherent radiation method method becomes
the best length-measurement tool.
However, the coherent radiation measurement is to record
the spectrum of the radiation, which looses the phase information. To reconstruct the longitudinal distribution, the
phase information must be reconstructed first. For a long
time, Kramers-Krönig (KK) relation was invited to retrieve
the phase information. Unfortunately, there are at least three
disadvantages of the KK relation. Firstly, extrapolation in the
low frequency band will bring uncertainty to reconstruction.
Secondly, KK relation is less accurate when time domain distribution is complicated. Thirdly, KK relation costs longer
calculation time.
GrEedy Sparse PhAse Retrieval (GESPAR) method was
presented by Y. Shechtman and Y. C. Eldar in 2014 [8, 9].
And then it has rapidly gained great applications in coherent
∗
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imaging, signal processing, macromolecular imaging, and
5G communication [10, 11]. GESPAR treats phase reconstruction as a nonlinear least squares problem, and assumes
that the time domain signal is composed of a finite number
of specific distributions.
In this paper, we invite the Differential evolution (DE)
genetic algorithm to solve the nonlinear least squares problem. And the reconstruction with or with out the GESPAR
assumption is presented, respectively. At last, a temporal
reconstruction with DE algorithm is shown from the signal
measured on the Chengdu THz FEL (CTFEL) [12] facility.

RECONSTRUCTION ALGORITHM
Phase Retrieval with Nonlinear Least Squares
Assumming ρ(t) is the original time signal, whose frequency signal is b
ρ(ν) = F(ρ(t)) = |b
g (ν)|e−φ(ν) , where F
represents the Fourier transform, |b
g (ν)| is the amplitude and
φ(ν) is the phase.
Four the nonlinear least squares consideration, the objective is to minimize the function f = ||b
ρ2G − |b
g | 2 ||, where b
ρG
is the G-th alternative signal. The flow-chart is shown in
Fig. 1.
According to the Fourier transform relationship, we can
normalize any segment of the time domain signal to the
signal in the (0,1) time period. If the setting unit is 1 s, the
corresponding frequency domain unit interval is 1 Hz, for
example. And similarly, 1 ps in time domain corresponds
1 THz in frequency domain. This is the reasons why the
coherent radiation can measure any shor bunch length as
long as the frequency signal can be recorded correctly.

Figure 1: Phase retrieval flow chart with nonlinear least
squares.
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DESIGN OF STRIPLINE BPM FOR THE SHINE PROJECT*
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Shanghai Institute of Applied Physics, Chinese Academy of Science, Shanghai, China
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Abstract
As an under-constrution fourth-generation light source
in China, SHINE (Shanghai HIgh repetition rate XFEL
aNd Extreme light facility) is expected to play an important role in basic scientific research in the field of
materials and medicine. However, the performance of
FEL depends critically on the completeness and quality of
their beam diagnostic systems. Since the SHINE project
will operate with bunch charge at 100pC, which is only
one-quarter of that in the SXFEL, the measurement accuracy requirements for SBPM will increase significantly.
On the other hand, the bunch repetition frequency of
SHINE reached 1MHz, which shortened the threshold for
measuring dead time. Fitting the requirement, the passband and the sampling rate design of stripline BPM is
upgraded for the SHINE project.The final design was
simulated using the data on the SXFEL, and the some
inspiring results have been made.

INTRODUCTION
SHINE project has entered the construction since 2018
and will be completed and put into use in 2025 as
planned. SHINE can provide high-frequency lasers in the
hard X-RAY band after it is built, and is expected to play
an important role in basic scientific research. As an important part of SHINE, the beam diagnostic system can
help to improve the stability of SHINE operation, improve device performance and provide maintenance and
provide reference for accelerator engineers to maintain
and optimize. SBPM is one of the widely used measuring
devices in beam diagnostic system.
Stripline BPM is planned to be installed at the injector
section and the low energy room temperature section of
linear accelerator, mainly for accurate transverse position

measurement and auxiliary bunch charge measurement.
According to the design specifications, it is required that
the accurate measurement of bunch-by-bunch (repetition
rate 1MHz) parameters be realized under the design operating charge (100pC), and that the measurement can also
be carried out under the low charge condition (10pC).
While satisfying the above functions, we must ensure that
the whole acquisition system is implemented within the
framework of EPICS.
The overall design of SBPM draws lessons from the
mature schemes of similar devices on SCLF, but each
index is higher, which requires further optimization of the
parameters selection and design of SBPM to improve the
overall performance of data acquisition system. In this
paper, based on SCLF, the design of SBPM on SHINE
will be optimized through data simulation and experimental verification.

SYSTEM STRUCTURE
The design of SBPM in SHINE will largely follow the
similar design in SCLF, which means that the center frequency of the signal to be tested will still be around
500MHz, and its spectrum is as shown in Fig. 1 [1].

Figure 1: SBPM output signal(left) and the spectrum.
under the ideal conditions

Figure 2: the signal flow graph of Stripline BPM.
___________________________________________
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ORBIT CORRECTION WITH MACHINE LEARNING
D. Xiao†, P. Chu, Y. Qiao,
Institute of High Energy Physics, Chinese Academy of Sciences,
also at University of Chinese Academy of Sciences, Beijing, China
Abstract
A good closed orbit is the basis of high performance of
accelerator. A method of orbit correction based on
machine learning was studied. The research process
includes two parts: study based on simulated data from
MADX and study based on actual machine data [1].
Through simulated experiment data and actual machine
data, this method can complete automatic correction of
closed orbit and meet requirements.

INTRODUCTION
In the operation of accelerator, because of the alignment
error and filed error of magnets, and so on, the beam orbit
could be deviated of ideal one, where the deviation is
changed gradually [2]. In actual accelerators, it is
necessary to correct the orbit over time. As the machine
learning technology becoming more and more matured,
accelerator control based on machine learning may
provide a alternative way for beam turning.
In this paper, the study with using simulated data and
using actual accelerator data will be introduced.

ORBIT CORRECTION WITH DATA
SIMULATED BY MADX WITH BEPCII
STORAGE RING LATTICE
In order to validate the machine learning orbit
correction, the lattice of BEPCII storage ring is selected to
run with MADX which produce data for training. BEPCII
is a collider running at 2.2 GEV in Beijing, China. Magnet
errors, BPM errors, corrector strengths and other
parameters are included in MADX simulation.
Data cleaning and collation:s The output data format
from MADX run is complicated and difficult to use
directly in machine learning package. Via a recently
developed machine learning platform, the data is
transformed into a usable format [3].
Selected orbits as features to do regression analysis for
the strengths of correctors. Enter a desired orbit and the
strengths of correctors calculated.
Set the strengths of correctors with predicted values.
Run MADX again with the new lattice and compare the
results.
The above process can be shown in Figure 1.

Figure 1: Machine learning orbit correction with
simulated data.
In our test and analysis, we choose the lattice of BEPCII
storage ring. This lattice has a total of 40 correctors,
including 35 vertical correctors and 5 horizontal
correctors [4]. An initial random magnets error is added to
the lattice. Without considering vertical and horizontal
coupling, the strengths of horizontal correctors are set to
0. Different initial values of vertical correctors are
assigned to lattice in order to obtain the required data. The
predicted results are compared with the result of
MICADO, which is an orbit correction program of
MADX [1]. The data sets are divided into two parts, 3500
training sets and 1500 test sets. The algorithm of
regression analysis is used. Loss function is the variance
between predicted corrector strengths and actual corrector
strengths.
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A PRELIMINARY FEASIBILITY STUDY OF MEASUREMENT OF
QUADRUPOLAR BEAM OSCILLATIONS AT CSNS RCS
Y. Yuan†, P. Li, S. Xu
China Spallation Neutron Source, Institute of High Energy Physics, Chinese Academy of Sciences,
Dongguan, China
also at Dongguan Institute of Neutron Science, Dongguan, China
Abstract
In high intensity proton synchrotrons, linear and
nonlinear betatron resonances cause beam loss. When the
betatron tune spreads over a resonance line, the betatron
oscillation amplitude will get larger, causing large beam
loss. In the quadrupolar beam transfer function, the
coherent space-charge tune shift of quadrupolar beam
oscillations is used to determine the incoherent tune shift.
China Spallation Neutron Source (CSNS) is a high
intensity accelerator based facility consists of linear
accelerator and the Rapid Cycle Synchrotron (RCS). A
system of quadrupolar pick-up and kicker can be used for
evaluating tune shifts and spreads. This paper will present
already existing beam diagnostic instrumentation on
CSNS/RCS, and discuss a preliminary feasibility study of
measurement of quadrupolar beam oscillations through
adding a quadrupolar-type beam pick-up.

INTRODUCTION
The RCS is an important component of the CSNS, and
the non-controllable beam loss of CSNS/RCS is also one
of the most important factors that limiting the CSNS to
further improve the beam power. CSNS/RCS, as a high
intensity RCS, the space charge force will cause tune shift.
When the tune is close to some resonance lines, it will lead
to the increase of the emittance and even the beam loss.
Therefore, it is very meaningful to measure the spacecharge induced tune shift. And, it is very important to
develop a device for measurement of tune shift in the
process of optimizing CSNS/RCS machine parameters and
improving beam power.
In 1966, W. Hardt derived the oscillation frequencies
obtained in the presence of space charge forces and
gradients errors for elliptical beams [1]. There is a
theoretical relation between the coherent frequency shift
Qcoh,1 (obtained from the quadrupolar pick-up) and the
incoherent tune shift ∆Qinc, which can be written
approximately as
𝑄

,

− 2𝑄

,

=−

3−

∆𝑄

,

,

(1)

with Q0,x the horizontal machine tune. Q0,x is measured in
the low-current situation, while ax and ay are separately
represent horizontal beam size and vertical beam size.

GENERAL MEASUREMENT PLATFORM
Internationally, many high-current synchrotrons are
equipped with measurement devices for space-charge
induced tune shift. By measuring the coherent oscillation
___________________________________________
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frequency and transverse dimension of beam, according
tothe Eq. (1), the space-charge induced incoherent tune
shift can be obtained.
In order to measure the incoherent tune shift generated
by space-charge forces, firstly, we need a quadrupole
kicker to excite the coherent oscillation of beam. And then
using a quadrupole pick-up to obtain the information of
beam’s quadrupole coherent oscillation. At last, we need a
gas ionization beam profile monitor (IPM) to measure the
transverse radius of beam. Different high-intensity
synchrotrons in the world have built different measurement
platforms according to their own hardware conditions.
In 1996, the device for measuring the incoherent tune
shift was first applied to CERN’s LEAR [2]. The device
takes the quadruple kicker to excite beam, and then uses
the stripline BPM as the quadrupole pick-up to obtain the
information of beam coherent oscillation [3]. At last, the
IPM has been taken to measure the transverse dimension
of beam. In 1998, GSI built a dual purpose device for
measuring space-charge induced tune shift using its
existing beam diagnostic instrumentation on SIS and
conducted preliminary research [4]. In 2014, GSI
redesigned and installed an asymmetric dedicated
quadrupole pick-up on SIS18 to obtain the frequency shift
due to space charge effects [5]. This type of pick-up is
optimized to strongly suppress the dipole component of
beam, and is only sensitive to the quadrupole component
of beam bunch [6]. In 2016, J-PARC used a stripline pickup to perform experiment of beam’s response to
quadrupole kicker in order to measure space-charge
induced tune shift on MR [7]. In China, HLS II also built
an experimental platform for excitation and measurement
of beam quadrupole oscillation on its storage ring [8],
including a stripline transverse quadrupole exciter and a set
of stripline BPM.

POSSIBLE SOLUTIONS ON CSNS/RCS
Based on CSNS/RCS, we will develop a space-charge
tune shift measurement system. It includes a quadrupole
kicker for exciting beam quadrupole coherent oscillation, a
quadrupole pick-up for acquiring information of beam
coherent oscillation, beam dimension measuring device
and related electronic system.
There are two exciters on CSNS/RCS for exciting beam
to measure machine tune. We intend to properly modify the
existing two exciters to achieve the function of a
quadrupole kicker. By connecting two exciters as shown in
Fig. 1, and inputting the same power to the four planes in
the horizontal and vertical directions, while both planes
have a phase difference of 180 degree [4].
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THEORETICAL ANALYSIS AND EXPERIMENTAL DESIGN OF
TERAHERTZ SINGLE-PULSE PICKING BASED ON PLASMA MIRROR∗
S.Y. Zhao, P. Li, J. X. Wang, D. Wu† , M. Li, X. F. Yang
Institute of Applied Electronics, China Academy of Engineering Physics, Mianyang, 621900, China
THEORETICAL ANALYSIS

Abstract
China Academy of Engineering Physics terahertz free
electron laser (CTFEL) facility needs a terahertz switch for
picking of single-pulse, which can facilitate the experiments
that require high peak power but low average power. At
present, many researches mainly focus on resonant tunneling effects, tunable metamaterials such as graphene and
vanadium dioxide, nonlinear modulation based on the principle of all-optical switching, etc. However, the frequency
range of these terahertz switches is generally not applicable
to CTFEL(1.87 THz-3.3 THz). In this paper, self-induced
plasma switching technology is applied to CTFEL. Singlepulse is reflected by a dense plasma in a Ge, Al or fused
quartz slab that is photoexcited by laser system. Theoretical
analysis and numerical simulation demonstrate the feasibility of the experiment. In addition, schematic layout of the
experiment setup and specifications of the major instruments
are given.

INTRODUCTION
Free-electron lasers(FELs) are powerful tool as terahertz
power coherent light sources.China Academy of Engineering Physics terahertz free electron laser (CTFEL) facility is
the first high average power, high repetition rate and high
duty ratio THz source based on FEL in China.The terahertz
wave frequency is continuously adjustable from 1.87 THz to
3.3 THz. The average power is about 21 W and the micropulse power is more than 0.3 MW[1].
At present, some experiments of FELs on the one hand
require high pulse energies,e.g.,for inducing phase transitions in biomolecules[2] and superconductors[3],on the other
hand require low average power for avoiding thermal effects.Besides, some experiments involves samples featuring
long-lived photoexcited states[4] that cannot return to equilibrium on a time scale of the FEL pulsing period[5]. So, a
terahertz pulse picker is needed.In recent years, there have
been many reports on terahertz switching[6–9]. However,
the operating frequency of these THz switches is generally
not suitable for CTFEL. In this paper, we describe a system
for picking of THz single pulses at CTFEL, which is based
on a plasma mirror,and the experimental design is given
according to the theoretical analysis.
∗

†

Experiment Principle
In order to induce the plasma mirror easily, we choose the
materials with high absorption coefficient of 1064 nm laser,
such as germanium, aluminum and fused silica. Considering
that it is necessary to minimize the reflection of the terahertz
before the plasma mirror is induced on the target surface, the
polarization of the THz should be changed to the horizontal
direction (p-polarized). What’s more, the angle of incidence
is chosen to be Brewster angle. Meanwhile, a Nd:YAG laser
synchronized with CTFEL is used to induce the plasma
mirror on the target surface. Considering the dispersion
of the electromagnetic wave in the plasma, the frequency
of the plasma excited by the laser gradually increases until
the electron density of the plasma reaches threshold. At
the critical density, terahertz cannot penetrate the plasma
region where the electron density exceeds its critical density.
Besides, The generated dense plasma decays sufficiently
fast after 18.5 ns, in other words, only one single pulse gets
picked. The gate width of the plasma mirror is approximately
the same with the duration of the Nd:YAG laser pulse.

Generation M Mechanism of the Laser Plasma
Generation mechanism of the laser plasma mainly includes photoionization, thermal ionization and impact ionization.At the carrier initiation stage where the temperature
is low, the electrons are ionized by the multiphoton effect,
and the photoionization mechanism is dominant. When
the target vapor temperature is continuously increased, the
atomic thermal motion is intensified, and some of the excited
state electron energy exceeds the ionization potential, at this
time, the thermal ionization mechanism is dominant. When
the target vapor is fully ionized, the energy deposited on the
critical surface mainly spread to the dense medium region
by the electron heat conduction, now the collision ionization
mechanism is dominant. During the generation of plasma,
many ionization mechanisms are coupled to each other. If
there are impurities or defects in the target, the ionization
process will be more complicated.

Calculation of Critical Density of Plasma
Electromagnetic waves must satisfy the dispersion equation in the plasma:
ω2 = ω2p + c2 k 2

Work supported by National Natural Science Foundation of China with
grant (11575264, 11605190 and 11805192), Innovation Foundation of
CAEP with grant (CX2019036, CX2019037)
wudai04@163.com

Where ω is frequency of terahertz, kqis wave number, c is
2
light speed, plasma frequency ω p = εn0eme e , ne is electron
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BUNCH LENGTH MEASUREMENT USING MULTI-FREQUENCY HARMONIC ANALYSIS METHOD AT SSRF *
Y.M. Zhou †, Shanghai Institute of Applied Physics, CAS, Shanghai, China
also at University of Chinese Academy of Sciences, Beijing, China
Y.B. Leng#, B. Gao, N. Zhang, Shanghai Advanced Research Institute, CAS, Shanghai, China

Abstract
Harmonics method in the frequency domain is an effective and inexpensive bunch length measurement method,
which was implemented at the Shanghai Synchrotron Radiation Facility (SSRF). A multi-frequency bunch-bybunch length measurement system using an integrated RF
conditioning module will be established to reduce the system noise and signal reflection, and to improve the bunch
length measurement accuracy as well. The module consists
of power splitters, band-pass filters, mixers and so on. The
main function of the integrated RF conditioning module is
to extract the beam signals at 500MHz, 1.5GHz, 2GHz, and
3GHz operating frequency. Raw data are acquired by a
high-precision digitizer and analyzed by MATLAB code.
The absolute bunch length can be obtained with a streak
camera, which was used to calibrate the response coefficients of the system. Bunch-by-bunch length can be measured by the multi-frequency harmonic analysis method
from the button BPM.

through four BPFs (Band Pass Filters) with different center
frequency to extract four operating points of the beam signal. Signals will be tuned and optimized by the integrated
RF conditioning module. The bunch length information
will be obtained by calibration with a streak camera.

PRINCIPLES
Suppose that f(t) is a Gaussian-shaped bunch containing
N particles of charge e in a bunch of rms temporal length σ
(in time units). Its frequency spectrum is given by the Fourier transform

F ( ) 






f (t )e jt dt  eN  exp(

 2 2
2

).

(1)

INTRODUCTION

SSRF is a third-generation light source that has stable
and brilliant synchrotron radiation due to its operation under top-off mode. The harmonic number is 720 and the RF
frequency is 499.68MHz. Four bunch trains with 500
bunches of 2ns spacing were filled in the storage ring.
The bunch length is an important parameter in the electron accelerator. The natural bunch length is generally defined as an rms value of a Gaussian bunch at zero beam
current, but it varies as the beam current increases. The
bunch length of the storage ring is usually on the order of
ps. Direct measurement of the bunches of electrons is very
difficult. Different techniques for bunch length measurement can be divided into time domain methods and frequency domain methods [1]. The absolute bunch length
can be precisely obtained by streak camera in the time domain [2].
The frequency spectrum of a bunch contains all the information about the bunch shape and length. So far, Similar
work has been done in several storage rings [3, 4] and twofrequency method has been used to measure the bunch
length at SSRF [5]. In this paper, a multi-frequency harmonic analysis method based on the BPM (Beam Position
Monitor) in the frequency domain is discussed. We use the
BPM’s button pickups as the electrodes. The signal passes
___________________________________________
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Figure 1: Power spectrum for Gaussian bunches.
In Fig. 1, if we get multi-frequency harmonic signals, the
bunch length can be fit out by Gaussian in Eq.1. However,
due to the difference in the transfer function between different channels and the limited bandwidth of the channel,
a coefficient will be introduced in the formula for correction. Then the formula converts to:
F ( )  KQ  exp(

 2 2
2

).

(2)

How do we get the coefficient (K)? The bunch-by-bunch
charge can be obtained by BPM sum signal, as shown in
Fig.2. In the single-bunch mode, we have calibrated the relationship between beam length and charge with a streak
camera, see Ref [6]. Since the bunch charge is less than
1nC, they are satisfied with a second-order Polynomial
equation. Therefore, according to the equation, the absolute
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SYNCHROTRON LIGHT DIAGNOSTIC BEAMLINE DESIGN FOR HEPS
STORAGE RING*
D.C. Zhu†, J.H. Yue, Y.F. Sui, J.S. Cao
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
High Energy Photon Source (HEPS) is a 6 GeV ultralowemittance storage ring light source to be built in Beijing,
China. With a multiple-bend achromat lattice design, the
storage ring is expected to achieve an ultralow emittance
of 34 pm.rad. The horizontal and vertical beam sizes will
be in the sub-10 μm level. Beam emittance will be measured with x-ray diagnostic beamline at a low dispersion
bending magnet source point. A visible light beamline will
be designed to measure the bunch length and purity. In this
paper, we will introduce the x-ray beamline, which combine with different techniques to resolve beam sizes and
emittance.

INTRODUCTION
HEPS is a 6 GeV ultralow-emittance storage ring light
source [1]. It is expected to achieve 34 pm·rad ultralowemittance with MBA (Multiple-Bend Achromat) lattices
design for constructing a diffraction-limited storage ring
[2]. Both horizontal and vertical beam sizes of HEPS storage ring will be in the sub-10 μm level. An x-ray beamline
will be designed for beam sizes and emittance measurement at a low dispersion location. Bunch length is measured by streak camera at another beam diagnostic beamline
in visible to UV radiation region. Various techniques will
be used to measure the beam size, such as x-ray pinhole
imaging [3], x-ray Fresnel diffractometry [4], KB mirror
focusing imaging[5], vis-UV π-polarization imaging and
double-slit interferometry.

X-RAY BEAMLINE SETUP
A schematic of the x-ray diagnostic beamline layout is
showed in Fig.1. It will be located at the RF where no ID
is planned to be installed. The source point is in the first
dipole (BLG1) after the straight sections, 1mrad inside the
edge to avoid edge radiation. Table 1 lists some designed

parameters of the source point. With high vertical betafunction and no dispersion, the source sizes are dominated
by contributions from beam emittance. X-ray pinhole imaging and KB mirror imaging are used compatibly for
beam sizes measurement. For further update, x-ray Fresnel
diffractometry is a good candidate to achieve required high
spatial resolution, its slits can be easily added to the pinhole
mask with larger slits width.
Table 1: Designed Parameters of the Source Point
Parameters
Energy
Beam current
Bending radius
Horizontal Emittance
Emittance Coupling
Beta function βx
Beta function βy
Horizontal beam size
Vertical beam size

Value
6 GeV
200 mA
41.4 m
34.2 pmrad
10%
1.3 m
24.3 m
6.7 μm
9.1 μm

A set of pinhole slits are place in an optical box about 5.8m
from the source point. The optical box is mounted onto
motorized stages, allowing to exchange the optical systems
and to align the optics with respect to the beam axis in four
degrees of freedom: two linear translations perpendicular
to the beam axis, a goniometer rotation around the horizontal axis, and a rotation around the vertical axis.
A pair of KB mirrors is mounted on adjustment mechanics, installed in an independent vacuum chamber, which is
18 m from the source point and 18 m to the detector. We
use 1:1 imaging in the KB system with two cylindrical mirrors. With 2~3 mrad grazing incidence angle, the two mirrors would reflect the x-ray beam respectively 4~6 mrad
horizontal and vertical from the incidence x-ray line.

Figure 1: Schematic of the x-ray diagnostic beamline.
___________________________________________
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FIBER-BASED CHERENKOV BEAM LOSS AND
BEAM PROFILE MONITOR AT BEPC II *
L. D. Yu†, L.Wang, Y.F. Sui, D.C. Zhu
Key Laboratory of Particle Acceleration Physics & Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

Abstract

A fiber-based Cherenkov beam loss monitor (CBLM)
consisting of large core (600μm), long (50 m) multimode
fibers, has been developed as an long-range detection tool
for the BEPCII: primarily designed for radiation safety in
order to limit the dose outside the shielding of the machine, this monitor also serves as an tool to measure beam
profile with the wire sccaner. In this paper, principal of
operation, instrumentation and programming of these
CBLMs are discussed. Some results of beam loss and
beam profile measurement with these CBLMs are also
presented.

determined by measuring the arrival time of the Cherenkov light (t1 and t2 in the figure) using simple arithmetic
x=[L+(t1-t2)vf]/2
(1)
where vfiber is the speed of light propagation in a glass
medium, which is equal to 2/3 the speed of light in a vacuum (vc).

INTRODUCTION

Beam loss monitor systems (BLM systems) are an essential part of linear accelerators and storage rings. They
allow the understanding of beam loss mechanisms and
provide an option for an emergency shutdown. A proper
understanding of beam loss events can improve machine
performance, which consequently reduces also the radiation level for the used accelerator components. Common
beam loss system, like ionization chamber, combination
of scintillator and photo multiplier and PIN photo-diodes
etc. they do not cover the complete sections of the accelerator, and have an insufficient position and time resolution. Optical fibers offer the possibility to monitor beam
losses over long distances in real time, with good position
accuracy and sensitivity at a reasonable cost [1-5]. Besides, the CBLM can also do a transverse beam profile
diagnostic together with wire scanners based on the emission and detection of Cherenkov radiation. In this paper
principal of operation, instrumentation and programming
of CBLM at BEPC II linac are described shortly. Some
results of beam loss and beam profile measurement with
the CBLM are also presented.

PRINCIPLE OF CBLM

Electrons that are not captured in the storage ring hit
the vacuum chamber wall and produce secondary electrons outside the vacuum chamber. Secondary electrons
that run through quartz fiber generate Cherenkov light
provided the energy of the electrons is high enough. The
basic idea behind the CBLM is to detect the Cherenkov
radiation (CR) generated in optical fiber. Some of the
Cherenkov photons propagate through the fiber and can
be detected by PMT [6-7]. As shown in Fig. 1, a PMT at
both ends of the fiber is used for the detection of a light
pulse. With one loss point (Fig. 1), the source position is

Figure 1: Scheme of beam loss monitor.

EXPERIMENTAL SET-UP
The experiments were carried out at the BEPC II linac,
which has a maximum electron energy and repetition rate
of 2 GeV and 50 Hz respectively. We selected all-silica,
step-index large-core optical fibers, manufactured by
OFS Furukawa (parts number:CF01493-14). Main characteristics of the fibers we used were listed in Table 1.
The core diameter is a good compromise between the
irradiation sensitivity and a required bandwidth. A black
nylon buffer shields the fiber against the ambient light.
The fiber was installed along the outer wall of the vacuum
chamber (Fig. 2).
Table 1: Main Characteristics of the Fibers
Maker
Core(μm)
Index
Length(m)
OFS
600
step
50
Table 2: Specification of H10721-01
Spectral
Rise time Optimum
response
(ns)
wavelength
(nm)
(nm)
H107
230-870
0.57
300-600
21-01

Type

___________________________________________

* Work supported by China HEPS Project
† yuld@ihep.ac.cn

WEPGW063
2622

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T03 Beam Diagnostics and Instrumentation

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW064

MACHINE LEARNING APPLICATION IN BUNCH LONGITUDINAL
PHASE MEASUREMENT *
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Abstract
High resolution bunch-by-bunch longitudinal phase
measurement has been realized at Shanghai Synchrotron
Radiation Facility (SSRF). In order to fully exploit the potency of the bunch phase monitor, the transient state during
injection is being further studied. A longitudinal phase fitting method was used to study the synchrotron damping
oscillation in injection events, where we can get the energy
offsets between the injector and the storage ring, refilled
bunch arrived time and the synchrotron damping time.
However, manual multi-parameter fitting of nonlinear
functions is awfully complex and slow. Machine learning
algorithms, such as gradient descent and artificial neural
network (ANN) is more suitable to do this fitting. Through
these methods, we can quickly obtain more accurate fitting
parameters and further realize online measurement of the
refilled charge arrived time, energy offsets between the injector and storage ring, and the synchrotron damping time.

INTRODUCTION
The technology of bunch-by-bunch beam diagnosis
plays an important role in understanding the motion state
of the beam and the operation of the machine. Since 2012,
studies on the bunch-by-bunch diagnostic technology have
been carried out at the Beam Instrumentation (BI) group of
SSRF (Shanghai Synchrotron Radiation Facility). by using
a channel digital signal collecting BPM signal analyser and
Zero - crossing detection methods of treatment, we have
been able to realize the precise measurement of the beam
longitudinal phase.
The Shanghai Synchrotron Radiation Facility (SSRF),
which consists of a 150 MeV linear accelerator, a 180
m,3.5 GeV booster, and a 432 m, 3.5 GeV storage ring, is
a high-energy third-generation light source [1]. To improve
the efficiency and quality of the light, a top-up filling pattern was adopted. The instability of the injection beam can
be obtained by measuring the longitudinal phase of the filling beam, which is advantageous for optimizing the injection scheme [2] .In addition, by fitting the longitudinal
phase information of the refilled bunch at the time of injection, we can obtain the relevant parameters of the synchrotron damping oscillation caused by the mismatch between
the injector and the storage ring, which is an important parameter for us to evaluate the operation state of the accelerator machine.

Theoretically speaking, the longitudinal phase of refilled
bunch satisfies the following equation under the condition
that the amplitude of oscillation is relatively small：

zd  zm sin(  2   s2 t  0 )  e s t .

(1)

In this equation, αs is the reciprocal of synchrotron
damping time (τ), Ω is the frequency of synchrotron, z is
the oscillation amplitude and φ is the refilled charge arrived time. It can be found that this is a nonlinear equation
with many parameters. How to quickly and accurately fit
the measured longitudinal phase information of the refilled
bunch according to the equation to obtain these key parameters is a crucial task.
The traditional manual adjustment parameter process is
time consuming and laborious and the accuracy is difficult
to quantify. On the other hand, the parameter fitting function library in some formed commercial software is prone
to local convergence when it is used poorly, and it is not
suitable for processing high-time repetition rate data in
large quantities while ensuring accuracy. What’s more, in
order to achieve future online real-time processing, we
hope to integrate a series of algorithms into the FPGA, so
the non-open source of commercial software function library will limit our use.
As we know, machine learning is a powerful tool for data
processing and analysis, which has gradually begun to get
more and more in-depth applications in the field of
accelerators. In this paper, we try to use the gradient
descent algorithm and the artificial neural network (ANN)
method to achieve a fast and accurate fitting of the
longitudinal phase parameters of the refilled bunch.

FITTING BY GRADIENT DESCENT
ALGORITHM
Gradient Descent is one of the most commonly used
methods when solving model parameters of machine learning algorithms (unconstrained optimization problems). As
the name implies, the calculation process of the gradient
descent method is to solve the minimum value of the cost
function along the direction of the gradient descent. The
iteration formula is:

xk 1  xk   k  k .

(2)

___________________________________________
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THE STUDY OF BEAM-BEAM EFFECTS ON BINP
ELECTRON-POSITRON COLLIDERS
V. Borin1 , V. Dorokhov, G. Karpov, O. Meshkov1 , D. Shatilov, D. Shwartz 1 , M. Timoshenko
The Budker Institute of Nuclear Physics, Novosibirsk, Russia
1 also at Novosibirsk State University, Novosibirsk, Russia
Abstract
The beam-beam effects depending on the beams current
and energy were studied at electron-positron collider
VEPP-2000 by the set of different diagnostics: the streak
camera, optical dissector, BPM. The beam transverse profiles as well as longitudinal motion were acquired from the
moment of a first collision of the beams in the interaction
point up to the establishment of an equilibrium state. The
spectra of the beams oscillation during this process were
studied. The obtained results are discussed.

above all expectations. At the same time at top energy luminosity is lower than design value in a factor of two. The
absolute record for today VEPP-2000 peak luminosity of
5×1031 cm−2s−1was achieved at the energy of 550 MeV per
beam. The next Fig. 2 presents the integrated by CMD-3
detector luminosity over all operating years since VEPP2000 commissioning. One should beware of direct comparison of different runs integrals due to luminosity dependence on energy. 2012/13 and 2017/18 runs were spent for
data taking below 500 MeV while the others were dedicated to higher energies

INTRODUCTION
VEPP-2000 is a small 24 m perimeter single-ring collider operating in one-by-one bunch regime in the energy
range below 1 GeV per beam [1]. Its layout is presented in
Fig. 1. Collider itself hosts two particle detectors [2, 3],
Spherical Neutral Detector (SND) and Cryogenic Magnetic Detector (CMD-3), placed into dispersion-free lowbeta straights. The final focusing (FF) is realized using superconducting 13 T solenoids. VEPP-2000 exploits the
round beam concept [4]. This approach, in addition to the
straightforward geometrical gain factor in luminosity
should yield the beam-beam limit enhancement.

BEAM-BEAM INTERACTION
VEPP-2000 has no beam vertical separation, thus the
beams collide in two interaction points right after injection.
It is of special importance during injection phase because
of the strong beam-beam interaction influence on the beam
dynamics.

Figure 2: CMD-3 recorded in 2010–2013 (crimson) and in
2017–2018 (orange) luminosity averaged over 10% of best
runs. Pink lines show scaling laws with fixed (dashed line)
and variable (dotted line) β*.
We have decided to develop the diagnostics and to conduct the experiments aimed on the study of beam-beam effects which, presumably, restrict the luminosity of the collider. The first run was made with non-complete set of the
diagnostics tools but the obtained results allowed us to separate some symptoms of beam-beam interaction revealing
in longitudinal and transverse beams dynamics.

STREAK-CAMERA MEASUREMENTS

Figure 1: VEPP-2000 layout.
The recently achieved luminosity of VEPP-2000 in comparison to 2010–2013 performance is shown in Fig. 2. In
the middle energy range the achieved luminosity is well

In order to observe longitudinal beam motion in turn by
turn mode the “PS-1/S1” streak camera [5] was implemented into electron optical diagnostics of the VEPP-2000.
The camera has a temporal resolution about 3 ps. Moreover, we have observed not only the longitudinal beam profile but also received data about vertical beam profile and
dynamics.
Start of steak camera image acquisition was coordinated
with the moment of the beam injection and can be delayed
turn by turn. Each new image is the new injected beam.
Thus we had to precisely control currents of stored and in-

MC5: Beam Dynamics and EM Fields
D10 Beam-Beam Effects - Theory, Simulations, Measurements, Code Developments

WEPGW067
2629

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW068

MEASUREMENTS OF BEAM PARAMETERS AT THE LAST TRACK OF
ERL-BASED NOVOSIBIRSK FREE ELECTRON LASER
V. Borin1, V. Dorokhov, Y. Getmanov1, A. Matveev1, A. Mickailov1 O. Meshkov1, O. Shevchenko1,
N.Vinokurov1 The Budker Institute of Nuclear Physics, Novosibirsk, Russia
1
also at Novosibirsk State University, Novosibirsk, Russia

Abstract

Parameters and dynamics of the electron beam of the
Novosibirsk infrared Free Electron Laser (NovoFEL) are
studied. The Novosibirsk FEL is based on the multi-turn
Energy Recovery Linac (ERL). The ERL operates in CW
mode with an average beam current of about 5 mA. Therefore non-destructive beam diagnostic methods are preferable. The beam energy at the last track of the ERL is 42
MeV. As a result, a significant part of synchrotron radiation
from bending magnets is in the visible range and can be
used for diagnostic purposes. Besides it, the diagnostics
utilising optical transition radiation (OTR) is applied. The
transverse beam dimensions were measured before (with
OTR) and after (synchrotron radiation from a bending
magnet) the undulator is applied for generating middle-infrared coherent radiation. The obtained data are used to calculate the Twiss parameters in the OTR observation point
and beam emittance on the 4th track of the NovoFEL. The
influence of the lasing on the transverse beam profile was
studied as well.

BEAM DIAGNOSTICS
Diagnostics Overview
The diagnostics system for transverse size measurement
consists of two optical stations, their position is shown by
arrows in Fig. 2.

INTRODUCTION

The Novosibirsk FEL facility [1] includes three FELs.
All the FELs use the electron beam of the same multi-turn
energy recovery linac. The layout of Novosibirsk FEL is
shown in Fig. 1. The third FEL is installed on the fourth
track of the ERL and electron energy here is 42 MeV. The
beam from the injector is four times accelerated before it is
used in the undulator of the third FEL. The used beam is
four times decelerated in the same RF structure and absorbed in the beam dump.

eFigure 2: Optical stations of the 4th track of NovoFEL.
One station utilises the synchrotron radiation from the
second bending magnet after undulator sections. It has
been operating since 2016 [3]. For measurements of beam
parameters before undulator sections which is crucial for
electron out coupling tuning we decided to install new optical diagnostics using transition radiation (OTR) from Ti
foil. The foil inserts into the vacuum chamber in the
straight section of the 4th track of NovoFEL.

Technical Limitations

Figure 1: Layout of the Novosibirsk FEL.
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The first lasing of the third FEL was obtained in summer
2015. The designed power is 1 kilowatt at a repetition rate
of 3.75 MHz. Operation with implementation of the electron outcoupling scheme of laser radiation has started recently [2]. In order to tune it we have to know the incoming
beam parameters. It is impossible just to calculate them because there are a lot factors influencing beam dynamics
from the electron gun performance up to the accelerator
lattice structure. Considering this problem it was proposed
to organize a new beam diagnostics station in order to
measure the Twiss parameters of the incoming electron
beam.

There are two main problems with the design of optical
diagnostic systems. Synchrotron radiation of the beam
(SR) has a divergence about 10-2 rad and it is difficult to
deliver it out of the experimental hall without significant
intensity loss. Another problem is a high residual activity
created by the beam after half an hour operation of the third
stage of NovoFEL. This problem affects both stations.
Considering these restrictions, diagnostics tools have to be
installed as close as possible to the optical output of the SR
or OTR and a remote control of optics must be implemented.
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EVALUATION OF A NEW 500 MHz DIGITIZER AT ELETTRA AND
FERMI
G.Brajnik, S.Bassanese, R. De Monte, Elettra-Sincrotrone Trieste, Trieste, Italy
P.Leban*, M.Znidarcic, Instrumentation Technologies, Solkan, Slovenia
Abstract
A new digitizer was evaluated in ELETTRA storage
ring and FERMI linear accelerator. The A/D conversion is
done with 14-bits at 500 MS/s. The sampling clock is
hard-locked to the Master Oscillator and has a jitter of a
maximum 10 ps. The AC coupled version has an analog
bandwidth up to 2 GHz and was used to measure the fill
pattern. The bunch flat-top is very narrow (10-15 ps). To
reach better stability, various external filtering components were used. Bunch-by-bunch beam position was
calculated offline and compared to a standard BPM electronics. The DC coupled version was used to sample
pulses from the integrating current transformer at FERMI.
A software interface can configure data acquisition length
and fill buffer segments with pre-defined number of triggers. Native TANGO and EPICS interfaces allow for fast
integration with CSS and other display tools.

INTRODUCTION
First beam tests were done at ELETTRA Sincrotrone
Trieste. Main goal of the tests was to prove both, the DC
and AC coupled digitizer versions provide data properly
and consistently with other solutions. Access to data is
available from TANGO, EPICS, MATLAB and other
clients, including web clients. Data was taken mostly in
parasitic mode during user runs. A special attention was
put into phase adjustment of the reference clock for the
AC coupled version and in the pickup electrode type
where the signal was taken from.

Figure 1: ICT test bench.
A current generator was connected directly to the ICT
test bench (Figure 1). A short few nanosecond long pulse
was injected to the ICT and pulse shape was observed
with the Libera Digit 500 instrument. A clean pulse with
an expected shape was read from the digitizer. The pulse
contained a little DC offset.

BEAM CHARGE MEASUREMENT
Integrating current transformers (ICT) are pick ups
commonly used to measure beam charge. The positive
area of the output pulse is proportional to the beam
charge. This pickup can be connected to oscilloscopes
making the area measurement or dedicated front end
electronics board are commonly used to integrate the
signal and produce an output signal having amplitude
proportional to the input charge. A DC digitizer is then
used to interface the control system. In both cases, it is
difficult to obtain precise measurements in presence of
disturbance signals while a waveform digitizer helps
adaptive signal processing. The purpose of this measurement was to prove that Libera Digit 500 is capable to
successfully measure signals from Bergoz ICT. The final
idea is to provide a compact solution capable to read
signals from four ICTs and provide data directly to the
operators in the control room.

Figure 2: Beam pulse from ICT and recorded by Libera
Digit 500.
After bench test, the instrument was connected to one
of the ICTs installed at FERMI FEL linac. A pulse shape
recorded by Libera Digit 500 is shown in Figure 2. Result
proves the instrument is capable to provide measurements
equivalent to more expensive and space requiring solutions.
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EVALUATION OF PILOT-TONE CALIBRATION BASED BPM SYSTEM AT
ELETTRA SINCROTRONE TRIESTE
G. Brajnik, R. De Monte, Elettra-Sincrotrone Trieste, Trieste, Italy
P. Leban, M. Znidarcic, Instrumentation Technologies, Solkan, Slovenia

Abstract
Stable and reliable beam position measurement is of paramount importance for the present and future light sources.
Stabilization with a pilot-tone technique was developed by
Elettra Sincrotrone Trieste and supported in the commercial BPM electronics Libera Spark. Both system components (the pilot-tone front-end and BPM electronics) are
controlled through a common software interface which is
compatible with TANGO, EPICS and LabVIEW/MATLAB clients. The system provides a reliable
self-diagnostics, cable and button diagnostics and drifts
compensation. This paper presents results from beam
measurements under different environmental and beam
conditions.

INTRODUCTION

The system consists of the pilot tone injector front-end
and readout BPM electronics. A major improvement from
the last report [1] was done on the real-time signal processing. The new implementation requires more FPGA resources to provide essential data all in parallel. The FPGA
chip was upgraded to a higher speed grade. The updated
BPM electronics does not contain any specific band-pass
filters and can be used in principle with any accelerator RF
(e.g. ~352 MHz or ~500 MHz), relying on the front-end for
analog conditioning of the signals. The pilot-tone central
frequency and filtering properties can be adjusted runtime
just with uploading new filter coefficients.

Figure 1: Processing scheme in the BPM electronics.
After the two parallel cordic blocks, the amplitudes pass
the poly-phase FIR filter block which reduces the data rate
and bandwidth of the amplitudes to FA data (10 kS/s). Resulting RF amplitudes are divided with the PT amplitudes.
Values are close to 1 but scaled to ensure enough bit width
for the resulting values. The result is one FA data (10 kS/s)
stream with selectable source and three independent SA
data (10 S/s) streams.

CONFIGURABLE FILTERING SCHEME

Compared to earlier processing scheme [1], a new implementation uses three parallel turn-by-turn processing
branches (Figure 1). The time-domain processing is used
for studies that don’t use the pilot-tone frequency component. The frequency-domain processing branches are two:
 DDC for beam RF signals
 DDC for pilot tone signal
Output of both DDCs are four I & Q amplitude pairs.
The “DDC for RF” data is written to a circular buffer. The
filtering block in the “DDC for PT” contains a narrow
band-pass filter with steep sidebands (Figure 2). The filtering coefficients and gains are normalized. The I&Q amplitudes from each of the DDC blocks are led to cordic blocks
where the amplitudes A, B, C, D are calculated.
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Figure 2: Digital DDC filters in the BPM electronics.

PILOT-TONE INJECTOR UPDATES
The BPM electronics that works with a pilot-tone injector does not contain analog band-pass filtering components
but just the low-pass (e.g. 570 MHz). The band-pass filter
and the first low-noise amplification stage are implemented
in the pilot-tone injector. Frequency and time response of
the filter have an important impact to beam position processing especially when the fill pattern contains single
bunch or mixed modes. In this case, for a comparison, two
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CONTROL SYSTEM FOR LASERS AT HILASE
J. Horacek†, M. Rehakova, T. Mocek, Institute of Physics CAS, Prague, Czech Republic
M. Pogacnik, J. Podlipnik, R. Modic, Cosylab d.d., Ljubljana, Slovenia
Abstract
We present the current state of the HiLASE Centre control system developed in cooperation with Cosylab. The
aim of the development is to build a control system which
would be in charge of the operation of kW-class in-housedeveloped laser beamlines. These beamlines deliver picosecond pulses with repetition rates between 1 kHz and
1 MHz and high-energy nanosecond pulses at 10 Hz. A generic control system architecture is presented, which can
either support full-size development lasers or compact industrial versions.
The EPICS control system work focuses on image acquisition and processing, vacuum control, provision of timing, archiving and user interfaces. HiLASE provides highlevel requirements, Cosylab complements them, provides
the design of the solution and implementation. Delivery is
performed during on-site visits where a test plan is executed for acceptance. This approach relieves HiLASE of
the need to hire and manage their own team while retaining
full control over the functionality through requirements
and acceptance approval. Cosylab complements HiLASE
with self-managed teams that deliver to specification.

INTRODUCTION
The R&D centre HiLASE (High average power pulsed
LASErs) focuses on the development of advanced laser
technologies. The main goal is to develop high-repetition
rate, diode-pumped solid state laser (DPSSL) systems that
may find use in research and high-tech industry. These systems have energies ranging from mJ to 100 J and repetition
rates ranging from 10 Hz to 1 MHz. The systems are shown
in Figure 1. Two major concepts within HiLASE are being
explored: thin-disk laser amplifiers aiming for pulses with

about a 2 ps width at repetition rates between 1 and 100
kHz, and multislab cryogenically cooled laser amplifiers
that will generate nanosecond pulses with a 100 J pulse energy at a 10 Hz repetition rate.
While “Bivoj”, a nanosecond cryogenically-cooled
multi-slab laser, is being developed in collaboration with
the Central Laser Facility, Rutherford Appleton Laboratory
(U.K.), and “Perla A” is subcontracted to Dausinger and
Giesen GmbH, the thin-disk platforms “Perla B”, “Perla C”
and the new “Perla D” are being developed in-house.

IN-HOUSE DEVELOPMENT
The development of ultrashort pulsed laser technology
and laser components has been reported since 2015 [1, 2].
The most progressive development is the construction of
the high repetition rate platform Perla C, which is important for the majority of industrial laser applications including lithography. Therefore, the development of the
control system is focused on Perla C.
A generic control system architecture was chosen, so it
can be applied to any of the Perla lasers, as an upgrade to
the already existing control system of the Bivoj laser or to
LBDS control system (Laser Beam Distribution System).
The core of the architecture is a TwinCAT 3 real-time PLC
which supports cycle times from 50 µs and multi-core
CPUs. All digital and analog signals are connected to I/O
terminals using the real-time industrial bus EtherCAT and
passed to PLC programs. Communication between the
PLC internal processes is provided by an ADS (Automation Device Specification) interface, which exchanges
messages between the objects and allows the modules to be
treated as independent devices. This ensures that all timecritical processes and functions will be managed in the designated order, moment and rate. The EtherCAT bus allows

Figure 1: Overview of the laser beamlines at the HiLASE (High average power pulsed LASErs) Centre, the targeted
parameters are presented.
___________________________________________
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MYRRHA DAQ DEVELOPMENT
R. Modic, P. Mekuc, Cosylab, Ljubljana, Slovenia
D. Vandeplassche, P. Della Faille, SCK-CEN, Mol, Belgium
Abstract
We have implemented a generic Data Acquisition
(DAQ) solution for the MYRRHA test stand at Louvain-laNeuve (Belgium). The work was motivated by the need for
better sampling performance, signal quality, arbitrary processing and storage of measurements. A full integration of
the DAQ system into the global EPICS control environment was a strong requirement. An intermediate DAQ platform was put in place to satisfy the control and experiment
needs. The NI PXI platform was selected to minimize integration and development effort. National Instruments (NI)
LabVIEW is used to create a generic DAQ application and
the CALab library, supported by DESY, is used to connect
LabVIEW and EPICS. A Control System Studio GUI provides the user with the necessary control, visualization and
configuration capability. The technical and organizational
approach to the collaboration will be detailed in the paper,
as well as the necessary customizations of CSS and CALab
and experience of using NI PXI for a DAQ platform.

the next iteration of the main loop handles this message.
Actions and state transitions are defined by the type of message and its payload. An example of a message to the DAQ
module from the EPICS module is of type ‘configure’ with
the details of the configuration data contained in the payload. This message triggers a configuration validation,
storing the configuration and a state transition from the
‘init’ state to the ‘configured’ state. The DAQ module also
contains an asynchronous process loop. This loop gets acquired samples from the DAQ module, processes the samples for the GUI and for storage and forwards the results to
the EPICS and Data Logger modules.

INTRODUCTION
The need for better sampling performance, signal quality, arbitrary processing and storage of measurements was
the main motivation for this work. A full integration of the
DAQ system in the global EPICS control environment was
a strong requirement. An intermediate DAQ platform was
put in place to satisfy the control and experiment needs.

DESIGN AND IMPLEMENTATION
National Instruments (NI) LabVIEW and the DAQmx
[1] driver was used to create a generic DAQ application
that runs on a PXIe [2] industrial computer with a Multifunction I/O Module. This platform was chosen because it
was most suitable to comply with the requirement to acquire data with a frequency up to 2 MHz on 16 channels
simultaneously and process it in real-time.
The software architecture consists of four independent
modules that each executes its own function: Data acquisition, EPICS, Data Logger and Error Handler. Each of these
modules has its own queue and other modules can send
messages with payloads to those queues allowing the modules to interact with each other while at the same time remaining independent.
The Data Acquisition (DAQ) module (Fig. 1) is a master
module and defines the workflow of the application. This
main loop in the Data Acquisition module executes a state
machine. States define what is considered as the positive
workflow and what is not, e.g. the system is waiting for a
configuration from the GUI, the system is waiting for a
trigger or the system is acquiring data. Messages from
other modules work as interrupt routines to the state machine execution. If a message arrives from another module,

Figure 1: SW architecture of DAQ module.
The EPICS module runs SoftIOC from the CALab [3]
library. This is where process variables (PVs) are stored.
The EPICS module serves as a communicator with the EPICS control environment. Its main functionality is to update control and data PVs from SoftIOC to the DAQ application and vice versa. The EPICS module intercepts all
user actions on the GUI and forwards it to the DAQ module.
The Data Logger module takes care of storing the acquired data and measurement configurations for post-analysis. The TFS text data format [4], defined by CERN, was
chosen to the store data. The header contains configuration
and static beam parameters and the body contains the acquired and processed data with the timestamp of acquisition.
The Error Handler module takes care of any events that
could cause any malfunction in the operation of the application. It stores all status, warning and error events in a .log
file for later inspection. The Error Handler module takes
care of the proper shut-down of the system in the case of a
critical error or a user shut-down action from the GUI.
To be able to integrate the DAQ application running on
National Instruments hardware into the EPICS control environment, we needed a library for LabVIEW that would
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COUPLING IMPEDANCE STUDIES OF THE CURRENT
TRANSFORMERS AT ALBA
T. F. Günzel, U. Iriso and A. Nosych, ALBA Synchrotron, Cerdanyola de Vallés, Spain
Abstract
ALBA is equipped with two different current transformers:
FCT and DCCT. A third one, ICT, is now in design stage to
be installed in 2019. A comparative study of different current
transformers was carried out in order to characterize their
contribution to longitudinal and transverse impedance. The
gap in the vacuum chamber of the transformers was varied in
order to study its effect on the heat deposited by the beam and
on the resonance in the longitudinal impedance spectrum.
Simulation results of ICT were compared to the experience
with the existing current transformers in operation.

INTRODUCTION
The ALBA Storage Ring is currently equipped with two
different Current Transformers to characterize the beam
charge/intensity. The Fast Current Transformer (FCT) is
used to measure the charge distribution or filling pattern,
while the DC Current Transformer (DCCT) provides total
(DC) beam intensity measurements with µA precision. In order to have an alternative beam current measurement, ALBA
is going to install the new Integrating Current Transformer
(ICT) in collaboration with Bergoz [1], who also provided
the FCT and DCCT in the past.
The need for the design of new current transformer (ICT)
bore the advantage of a comparative study of the already
existing current transformers with the new one. The main
goal of the study are to achieve an equivalent performance of
the ICT in terms of collective effects to the existing devices
(FCT and DCCT) and an understanding of the heat-up of
the CTs.
The different devices (FCT, DCCT and ICT) will be analysed on the basis of resonant modes, longitudinal and transverse impedance and their associated loss/kick factors computed by GdfidL [2]. A couple of different geometry and
material options for each device will be discussed. Most of
simulation work is straightforward except that of the coil,
whose consideration was forcefully simplified.

ANALYSIS TOOLS
The longitudinal impedance spectra analysis was combined with the eigenmodes computed by GdfidL. T- and
F-domain computations are actually not equivalent but both
provide a complementary image of the full picture. The
resonances, in particular their frequencies, found in the
impedance spectra are rather precise, and show a very good
picture in terms of modes whereas the eigenmode computations depend on a couple of external parameters difficult to
optimise. The eigenmode solver, however, generates more
modes than resonances exist, so some of them are just propagating (and therefore not real), but it helps in recognizing

small resonances. Moreover, it provides a shunt impedance
Rs whereas the height of resonances in impedance spectra
depend on the length of the trailer of the witness particle.
The shunt impedance can be directly compared to the
threshold of longitudinal coupled bunch instabilities (LCBI):
see next sub-section. The shunt impedance value here is
only based on the dissipative quality factor, which does
not consider losses (called radiative losses) generated by a
slipping of the resonance’ field out of its trapping location.
In general (as long as the shunt impedance does not exceed
the threshold) the dissipative shunt impedance is sufficient as
adding radiative losses will only reduce it more1 . Both data
are shown in an overlay of the eigenmode’s shunt impedance
(in red) on the real’s part impedance spectrum (in blue) in
logarithmic scale in order to cover a large dynamic range.

The Threshold Criterion
It essentially requires the sampling of the impedance
Zl (ωm ) at the resonance peak ωm = (M jω0 + mω0 ) only
once2 and at −(M jω0 − mω0 ) close to the mirror peak
Zl (−ωm ). Its negative contribution can partially cancel out
the positive one, but it usually does not happen for narrow peaks (ω0 is the angular rev. frequency, M = 448
the harmonic number, j any integer and an appropiate
0 ≤ m ≤ M − 1). Neglecting the negative contribution
altogether makes the criterion stricter, but much simpler. As
long as resonances stay below the threshold of this criterion
LCBIs cannot be excited. The suchlike sampled impedance
is compared to the threshold impedance:
Rsthreshold =

(1)

where I1 is the 1st modified Bessel function, ωs and ωr stand
resp. for the angular synchrotron and resonance frequency,
στ for bunch length, T0 = 2π/ω0 , τ for long. damping time
and E for the beam energy, α for the momentum compaction
factor and I the multibunch current (here 0.4A). Normally
the assumption I1 (x) ≈ 0.5x for x ≪ 1 is made, which is no
longer true for ωr /(2π) ≈ 5 − 7GHz.

CURRENT TRANSFORMERS
All the CTs at ALBA have a gap in the beampipe to allow
the magnetic coil to see the image currents (see Fig. 1). Its
geometry is characterized by the gap length and its height —
also called “nose” — which allows to modulate its capacitance. In the simulations, particular attention is paid to the
1
2

In the meantime GdfidL provides a combination of both, but disposing
of both distinguished information was preferred.
multiple hits are actually possible with low Q, but then R s will be minor.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T03 Beam Diagnostics and Instrumentation

ωs ωr στ2T0 (E/e)
τIα exp(−(ωr στ )2 )I1 ((ωr στ )2 )

WEPGW075
2647

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW076

INITIAL PERFORMANCE OF THE BEAM INSTRUMENTATION FOR
THE ESS ION SOURCE AND LEBT
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J. Norin, Right Professional AB, Lund, Sweden

Abstract
The European Spallation Source (ESS) is currently under
construction in Lund (Sweden), and its 5 MW of average
beam power at repetition rate of 14 Hz will make it five
times more powerful than other pulsed neutron-scattering
facilities [1]. High-energy neutrons will be produced via
spallation by 2 GeV protons on a tungsten target. A complete
suite of beam diagnostics will enable tuning, monitoring and
protection of the proton accelerator during commissioning,
studies and operation. As an initial step toward neutron
production, the Ion Source (ISrc) and the 75 keV Low Energy Beam Transport Line (LEBT) have been installed. For
the commissioning and characterization of this first beamproducing system, a subset of the ISrc and LEBT diagnostics
suite has been deployed. This includes the following equipment: a Faraday cup, beam current transformers, an Allison
Scanner emittance measurement unit, beam-induced fluorescence monitors, and a Doppler-shift spectroscopy system.
Beam instrumentation deployment and performance verification, as well as the operational experience during the
initial beam commissioning, will be presented.

INTRODUCTION

The Ion Source (ISrc) and the Low Energy Beam Transfer
(LEBT) line is installed [2] and is being commissioned at
ESS, Lund Sweden. During the commissioning phase [3],
the beam diagnostics instruments are installed in the commissioning tank, temporarily placed in the position of the
RFQ after the collimator, and in the permanent tank between
the two solenoids, as depicted in Fig.1. The ESS ISrc [4] and
the LEBT diagnostics systems [5] provide beam accounting
through beam current measurements with a Faraday Cup
(FC) and two current transformers as Beam Current Monitors (BCM). Beam species fractions are measured with a
Doppler-shift spectrometer (DPL). With no RF structure to
provide a signal for typical beam position electrodes, Noninvasive Profile Monitors (NPM) are installed to measure the
transverse position and provide beam centroid measurements
at two locations, in the permanent and the commissioning
tank. Further details about the beam properties are given
by distribution measurements. Beam profile is measured by
the NPMs, while emittance is measured invasively by two
∗
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Allison scanners as Emittance Measurement Units (EMU)
located in both the commissioning tank and the permanent
tank [6].

Figure 1: ESS LEBT commissioning configuration.

SYSTEMS PERFORMANCE
VERIFICATION
Beam Diagnostics instrument performance is verified primarily in the lab. Each instrument’s acquisition chain is then
verified without beam during cold check-out, finally enabling
beam tests. Verification results are stored in NEXUS HDF5
format using predefined meta-data fields. This common
structured electronic data format is handled by a test and
measurement database managed by the ESS Controls group.
The first beam extracted from the ISrc was measured by the
BCMs and FC in September 2018. The ISrc and LEBT diagnostics systems initial performances are presented hereafter.

Beam Current Monitors
Two AC Current Transformer (ACCT) sensors from
Bergoz are used and previously described in [7]. The ISrc
BCM measures the current from the High Voltage Power
Supply (HVPS) to the ISrc high voltage platform, while the
LEBT BCM measures the beam current at the location of
the LEBT collimator.
Each ACCT includes an extra winding for calibration
purposes. A precision current source is used to manually
calibrate the two ACCTs with the two calibration windings
being connected in series. The calibration process consists
of correction/compensation of the ACCT scale factor, DC
level and droop factor. The BCM system design is based on
a Bergoz ACCT-E module and on the microTCA platform
[8]. BCM specifications include 1 MHz overall bandwidth
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RECENT RESULTS USING INCOHERENT CHERENKOV DIFFRACTION
RADIATION FOR NON-INVASIVE BEAM DIAGNOSTICS
M. Bergamaschi∗ , R. Kieffer, T. Lefevre, S. Mazzoni, CERN, Geneva, Switzerland
P. Karataev, K. Lekomsev, JAI at Royal Holloway University of London, Egham, UK
A. Schloegelhofer, University of Technology (TU), Vienna, Austria
A. Potylitsyn, Tomsk Polytechnic University, Tomsk, Russia
A. Aryshev, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Abstract
When a relativistic charged particle travels at a short
distance from the surface of dielectric material Cherenkov
Diffraction Radiation (ChDR) is produced inside the dielectric. Recent observation of incoherent ChDR in the visible
spectrum has opened the possibility of using this radiation
for non-invasive beam size and position measurements. An
experimental test to study this technique for highly directional beam position measurement has been initiated on the
CLEAR facility at CERN, whilst another experimental investigation is underway at the Accelerator Test Facility 2 (ATF2)
at KEK, Japan, to measure the resolution limit of ChDR for
beam imaging diagnostics. This contribution presents the
latest experimental results from both of these test facilities.

INTRODUCTION

Cherenkov diffraction radiation (ChDR) is the radiation
emitted through the Cherenkov effect by particles travelling at a given distance h from the surface of a dielectric.
This distance is known as the impact parameter. The use of
incoherent Cherenkov radiation for beam instrumentation
purposes is interesting due to the high number of photons
emitted and its highly directional emission [1]. The noninvasive nature of ChDR makes it an ideal candidate for
beam diagnostics in an accelerator because it offers the advantage of probing beam information without inserting an
object in the beam path, as in more traditional methods like
wire scanners, Optical Transition Radiation (OTR) or scintillation screens. Furthermore the emission of radiation in the
dielectric is at the well-defined Cherenkov angle, defined by
the relation θChDR = arccos(1/βn), where n is the index
of refraction of the material and β the ratio between the
speed of the particle and the speed of light. This directional
emission can allow discrimination of the ChDR signal from
sources of background, for example synchrotron radiation
that is the limiting background source for other non-invasive
beam diagnostic techniques such as diffraction radiation
monitors [2]. Incoherent ChDR was initially observed, and
used for beam size measurements, at the Cornel Electron
Storage Ring (CESR) [1, 3, 4].
We report here on the status of two more recent experiments aimed specifically to study incoherent Cherenkov
Diffraction Radiation (ChDR) as a candidate for noninvasive beam position and profile measurement. The exper∗
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imental setup and the first measurements results of the study
on beam position monitoring at the CLEAR facility at CERN
are presented [5], along with the experimental apparatus and
preliminary measurements on beam size monitoring at the
Accelerator Test Facility (ATF2) [6] at KEK, Japan.

BEAM POSITION MONITORING USING A
LONG DIELECTRIC
Long Dielectric Radiator
The idea behind the experimental setup on CLEAR is
to make use of the linear dependency of photon flux on
the length of the radiator to accumulate enough light for
diagnostics on a single beam passage. In order to transport
and accumulate photons generated along the whole length
of the radiator the concept of total internal reflection is used.
A schematic of the radiator shape, photon transport and light
extraction to a camera is shown in Fig. 1. The radiator is a
2 mm thick, 20 cm long fused silica prism with two wedges
at both extremities.

Figure 1: View from the top. The radiation produced all
along the surface of the radiator is emitted at the characteristic Cherenkov angle and reflected inside the radiator before
extraction to a camera.
The experiment was conducted using the following conditions: electron beam energy ≈ 210 MeV, β ≈ 1, refraction
index n of the fused silica radiator = 1.45. This results in
a Cherenkov angle φ ≈ 46.4°. The radiator was installed
on the in-air (refraction index ≈ 1) test stand present on
CLEAR [7]. Thanks to Snell’s law it is possible to verify
that angle θ = 90° − φ = 43.6° is exactly the critical angle θ c = arcsin(nSiO2 /nair ). To extract the radiation at
90° respect to beam propagation direction the radiator has
wedge of 21.8° (shown in Fig. 1) coated with aluminum. The
emerging light is collected with an ethernet camera (Basler
acA 1920 40gm) that images the output surface of the radiator with a Fujinon camera lens of focal length 25 mm. The
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DEVELOPMENT AND TEST OF A BEAM IMAGING SYSTEM BASED ON
RADIATION TOLERANT OPTICAL FIBER BUNDLES
D. Celeste†, E. Bravin, S. Burger, F. Roncarolo, CERN, Geneva, Switzerland

Abstract

Many of the beam imaging systems at CERN are located
in high radiation environments. In order to cope with this
issue, VIDICON cameras are presently used, but their production has been discontinued worldwide. This paper presents the development of an alternative beam imaging system, based on radiation tolerant optical fibre bundles. The
fibre bundle is used to relay the image of a scintillating
screen to a standard CMOS camera, located away from the
high radiation zone. A prototype system based on a 10m
long bundle with 104 fibres has been tested in the laboratory by simulating the beam profile using a laser spot. The
light transmission through the system is rather low, but is
compensated by the high sensitivity of the CMOS camera.
The tested system had a field of view of 60 mm and a spatial resolution of ~1 mm. The radiation hardness of the fibre bundle was tested at the IRMA-CEA facility in Saclay,
France. The bundle was irradiated at a rate of 3.6 kGy/h for
8 consecutive day. The total integrated dose achieved was
~700 kGy, which corresponds to about ten years of operation at the beam imaging station with the highest radiation
dose at CERN. Although the light transmission was reduced by 50% after irradiation, this is still sufficient for our
purpose.

INTRODUCTION

An upgrade of the radiation hard beam imaging systems
at CERN is needed to replace the obsolete VIDICON cameras currently used [1]. Even though the VIDICON cameras still fulfil our requirements, the production of VIDICON tubes has been discontinued and we only have spare
tubes for a few years. This paper presents the concept and
the first results of the alternative solution being investigated by the CERN Beam Instrumentation Group, based on
imaging via radiation tolerant optical fibres.
The solution is based on an optical system that collects
the light generated by the particle beam impinging on a
scintillating screen, and relays the image away from the radiation area where it can be acquired using a standard
CMOS camera. The optical system is based on a radiationresistant, fused silica, fibre bundle.
This paper will give details of the setup and report on the
optical performance obtained, including the radiation tests,
and discuss the present, underlying limitations and plans to
further improve the system.

OPTICAL TESTS

Experimental Setup
The principle of the technique is sketched in Fig.1. A calibration pattern is back-illuminated using a 5x7 cm2 flat,

“white” LED array. An objective lens of 9 mm focal length
is placed 500 mm away from the test pattern to create an
image of the reference pattern on the fibre bundle entrance
face. The bundle used in this setup is a 10m-long, radiationhard, Fujikura FIGR-10 bundle [3], which contains 10,000
ordered fibres of diameter 1100 ± 100 µm, arranged in a
circular pattern.
A second lens, in this case of focal length 25 mm, is
placed at the opposite end of the bundle in order to image
the output face of the bundle onto a CMOS sensor.
The focal length of the lenses and the distances between
fibre, lenses and camera have been optimised for the
wanted field of view and magnification.

Figure 1: Sketch of the setup of the beam imaging system.

Optical Characterisation Results
Initially we investigated the optical quality of the system
for different lens combinations and different configurations. The two most important aspects in our case are the
light transmission efficiency and the final optical resolution of the system. In order to identify the contributions of
the different elements the following tests were performed:
1. Imaging using only one lens and the camera (Fig 2.)
2. Two stage imaging using two lenses and the camera,
where the second lens re-images the real image of the
first lens
3. Two stage imaging including the bundle. The bundle
simply deports the real image of the first lens to a new
location where the deported real image is re-imaged
by the second lens onto the camera (Fig. 3)
These tests were performed for different lens combinations and for different lens-object distances. We have also
compared a 2 m and a 10 m long bundles in the exact same
conditions to study the losses in the fibre itself.
Comparing test 1 and test 3, with the lenses adjusted to
obtain the same field of view and magnification, only 2.1%
of the light that reaches the camera in the first case arrives
on the camera in the second case. In test 2, with same conditions as test 3 but without the bundle, 26 % of the light
reached the camera. In the central square of the target with
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A CHANNEL ACCESS SOFTWARE PLATFORM FOR BEAM DYNAMICS
APPLICATIONS IN SCRIPTING LANGUAGES
J. Chrin, M. Aiba, J. Snuverink, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
Abstract
To facilitate the seamless integration of EPICS (Experimental Physics and Industrial Control System) into highlevel applications in particle accelerators, a dedicated modern C++ Channel Access interface library, CAFE, provides a
comprehensive and user-friendly interface to the underlying
control system. Functionality is provided for synchronous
and asynchronous interaction of single and composite groups
of channels, coupled with an abstract layer tailored towards
beam dynamics applications and complex modelling of virtual accelerators. Equivalent consumable solutions in scripting and domain-specific languages can then be accelerated
by providing bindings to the relevant methods of the interface platform. This is exemplified by CAFE’s extensive
MATLAB® interface, incarnated through a single MATLAB executable (MEX) file, and a high performance Python
interface written in the Cython programming language. A
number of gratifying particularities specific to these language extension modules are revealed.

This is a preprint — the final version is published with IOP

MOTIVATION AND CONTEXT
EPICS (Experimental Physics and Industrial Control System) is an established framework that comprises an extensive set of software tools for the development of distributed
control systems in the field of particle accelerators and largescale experiments [1]. Its principal communication protocol,
Channel Access (CA), allows for the optimized throughput
of data between server and client.1 A native C-based application programming interface (API) [2] provides remote
access to low-level hardware data encapsulated in EPICS
Process Variables (PVs) residing in Input/Output Controllers
(IOCs) or other devices hosting a CA server. The CA client
library has thus provided the means by which extensions
or bindings to C/C++-based scripting and domain-specific
languages were first created. For each language instance, the
resulting CA extension methods are typically intertwined
with the specifics of a given domain’s C/C++ extension framework. Their context is consequently confined to the system
in which they execute and cannot be readily applied to other
domains.
Another approach is to enforce a logical boundary between the CA components and that of the domain’s C/C++ extension API, by providing a comprehensive C++ software
platform, with sufficient breadth and flexibility, to act as
host to any number of C/C++-based high-level languages.
Significant advantages may be gained in this way:
1

Recent EPICS releases have been augmented with an additional network
protocol, pvAccess, providing structured data types and improved bandwidth.

• The process of creating bindings to scripting and fourthgeneration languages is greatly streamlined.
• The inherent simplicity and convenience of maintaining
an otherwise complex CA interface code in a single
repository.
• A codebase that is well tested through its application
from different domains.
• A uniform response to errors and exceptions that facilitate tracebacks.
• In-house CA expertise ensures a rapid response to user
requests and problem solving.
It is within this context, coupled with a desire to avoid
any deprecated APIs propagating to new facilities, that motivation for the CAFE (A Channel Access interFacE) library
has developed [3].

A COMMON INTERFACE APPROACH
CAFE is a modern, multifaceted C++ CA client library
that follows recognized practices in CA programming [4],
placing careful attention to:
• Management of client-side connections.
• Memory optimization, particularly when connections
are restored.
• Separation of data retrieval from its presentation.
• Strategies for converting between requested and native
data types.
• Caching of pertinent data related to the PV and its
connection state.
• Aggregation of requests for improved performance.
• Adaptive correction procedure, e.g., for network timeouts.
• Capturing and reporting results from method invocations with integrity.
The library provides a concise, diverse, and clean interface
with minimal details of the low-level CA implementation disclosed to the user. Functionality for synchronous and asynchronous interaction is provided through a variety of methods. Abstraction layers tailored towards the development of
accelerator applications have also been implemented, e.g., related data sets may be addressed as a single logical software
entity (optionally configurable through XML). The structure of the codebase is of sufficient breadth to support end
solutions in scripting languages by providing ready-made
interfaces, with compliant data types, commonly required
in control system interactions. (As a point of illustration, a
std::vector in C++ maps directly to a Python list, facilitating the associated adapter layer.) The resulting library
is thus equipped to serve as a reliable software platform
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DESIGN OF A RESONANT STRIPLINE BPM
FOR THE IR-FEL PROJECT AT NSRL∗
X. Y. Liu1,2† , M. Dehler2 , M. Bopp2 , A. Scherer2 , B. G. Sun1
1 NSRL, University of Science and Technology of China, Hefei, P. R. China
2 Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
Abstract
This paper presents the design of a 476MHz resonant
stripline beam position monitor (BPM) for an IR-FEL machine at NSRL. This type of BPM was developed based on
stripline BPM by moving the coupling feedthrough closer
to the short end downstream. This modification introduces
a resonance that gives this BPM a better capability to detect
lower beam currents compared to broadband devices like
button and classical stripline BPM. Meanwhile the change
is small enough to use the same type of electronics. In
the following sections, the basic principle, nonlinear effect,
sensitivity, the filtered sum and difference signals, and the
mechanical design of this BPM will be mainly discussed.

quality factor Q of BPM is around 30 as a compromise
between high signal intensity and a suitable damping time.

BASIC PRINCIPLES
Similar to stripline BPM [4], the cross section of resonant
stripline BPM is shown in Fig. 1. R is the inner radius of
the stripline, should be the same as the beampipe radius of
17.5 mm. T is the thickness of stripline electrode, D is the
radial distance between stripline and vacuum chamber, and
θ is the coverage angle of stripline electrode.

INTRODUCTION
A tunable IR-FEL [1] user facility is under construction
at NSRL, which can generate FEL radiation covering farinfrared range from 40 µm to 200 µm and mid-infrared range
from 2.5 µm to 50 µm. The beam parameters of this facility
are listed in Table 1.
Table 1: Electron Beam Parameters of IR-FEL
Parameter
Beam energy
Bunch charge
Bunch length (rms)
Bunch repetition rate
Macro pulse length
Macro pulse repetition rate

Value
15–60 MeV
1 nC
2–5 ps
59.5, 119, 238, 476 MHz
5–10 µs
20 Hz

This facility is planned to be installed in a 16 × 10 m2
hall. Such a compact machine makes button type BPM the
only choice for the basic BPM system due to the advantage
of small size. The basic BPM system consists of 10 button
BPMs [2] as standard devices to achieve a position resolution
better than 50 µm; in addition, we plan to install another type
of BPM near the energy analysis section with capability of
higher induced signal level and so a better resolution.
The optimal choice is a resonant stripline BPM similar to
the design that was proposed to satisfy the measurement of
proton beams with extremely small current [3]. To make use
of the existing electronics modules in 476 MHz, this value
was chosen as the central resonant frequency. The design
∗
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Figure 1: Cross section of stripline BPM.
The cross section contains one grounded chamber and
four stripline electrodes inside, such that four different TEM
modes exist:
• Sum mode (v1,v2,v3,v4) = (+1,+1,+1,+1);
• Dipole mode (v1,v2,v3,v4) = (+1,0,-1,0) or (0,+1,0,-1);
• Quadrupole mode (v1,v2,v3,v4) = (+1,-1,+1,-1).
Every stripline electrode and the grounded chamber form
a transmission line. Its characteristic impedance Z, which
can be calculated by using the Multipin Waveguide Port in
CST [5], has the relation Z∝D/(θ · T) with varying parameters D, θ, and T.
The basic model of resonant stripline BPM is shown
in Fig. 2a. The feedthrough divides the transmission line
into two parts (length L1 and L2). When looking from the
feedthrough port to both parts (marked as an arrow in Fig. 2),
the part near the open end can be equivalent as a capacitor
C1 , while the other part as an inductance Le f f . Then:
1
ω · C1
Zin 2 = j Z tan(β · L2) = jω · Le f f

Zin 1 = − j Z cot(β · L1) = − j

Considering the parasitic capacitor Cp at the longitudinal
gap (denoted as gapz below ) between the stripline and the
vacuum pipe, the equivalent circuit can be simplified as the
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UNSUPERVISED MACHINE LEARNING FOR DETECTION OF FAULTY
BEAM POSITION MONITORS
E. Fol∗ , J. Coello de Portugal, R. Tomás, CERN, 1211 Geneva 23, Switzerland
* also at Johann-Wolfgang Goethe University, 60438 Frankfurt am Main, Germany

Abstract

Unsupervised learning includes anomaly detection techniques that are suitable for the detection of unusual events
such as instrumentation faults in particle accelerators. In this
work we present the application of a decision trees-based
algorithm to faulty BPMs detection at the LHC. This method
is fully integrated into optics measurements at LHC and has
been successfully used during commissioning and machine
developments (MD) for different optics settings in 2018.

INTRODUCTION

In the LHC there are 524 beam position monitors (BPMs)
per plane and per beam. Optics measurements are mainly
concerned by phase advance measured between BPMs [1].
The phase advances are inferred from a harmonic analysis
of the turn-by-turn transverse beam motion recorded by the
BPMs around the ring. Faulty BPMs produce unreliable
signal and hence reduce the quality of the optics measurements. The identification of anomalies in acquired beam
position measurements requires the application of automatic
tools as well as human intervention. Most of the noise and
faulty signals can be removed using predefined thresholds
for recorded signal, as well as through applying advanced
signal-improvement techniques based on SVD [2] to reduce
noise in BPM readings. However few nonphysical values are
still observed in reconstructed optics, this combination of
numerical techniques and basic threshold cuts appear not to
be sufficient. Therefore, alternative techniques are required.
Not all reasons for the appearance of BPM anomalies are
known, therefore we cannot define new thresholds which
would indicate faulty BPMs. The required cleaning method
should not rely on numerical cuts or "learn" from the results
of existing tools. Looking for a machine learning based
solution for the described problem, we are going into the
domain of unsupervised learning.

EXPERIENCE WITH ISOLATION
FOREST APPLICATION AT THE LHC
Due to experience with the systematical observation of
few non-physical “spikes“ in the reconstructed optics functions, we assume that only a small fraction of bad BPMs
is remaining after the cleaning (SVD and numerical cuts).
IF requires the proportion of outliers (contamination) in the
data as input of the algorithm. Initially, the contamination
was set to 1% in the arcs and 2.5% in the IRs. The tuning of
this contamination parameter on simulated BPM faults will
be discussed in the next section.
The parameters that are considered significant for bad
BPMs identification are the betatron tune, the amplitude
of the measured oscillations and the noise scaled with the
amplitude of the signal. During commissioning and MDs
in 2018 the new cleaning method was used complementary
to the existing techniques. In case non-physical outliers
were observed in optics functions, the harmonic analysis
data was additionally cleaned with IF and the optics analysis
was repeated. Figure 1 shows a comparison between the
beta-beating reconstructed from the measurements before
and after applying IF. It can be clearly observed that most
of the remaining outliers have been removed.
Figure 2 shows the summary on IF results on several measurements in 2018 performed for both beams for different
optics settings. It can be observed that most of the spikes
remaining after SVD and thresholds-based cleaning could be
eliminated by IF. It has to be noted that there is not necessar-

UNSUPERVISED LEARNING

Unsupervised learning deals with tasks where only input
data is available and the target is to find patterns in the given
data or to extract new information. Opposite to supervised
learning, unsupervised techniques provide the possibility to
identify unusual patterns (outliers) without being trained on
labeled data. Several unsupervised learning algorithms have
been applied to optics measurements at LHC [3, 4], among
others the Isolation Forest (IF) algorithm [5]. It detects
anomalies using binary trees to isolate each data point. The
anomaly score assigned to each data point corresponds to
∗

the number of splits taken to isolate this point, averaged over
the number of trees.
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Figure 1: The comparison between beta-beating computed
before and after IF cleaning demonstrates that IF anomaly detection significantly reduces the number of unphysical spikes
and reduces the size of errorbars. The optics is computed
for Beam 2 in horizontal plane with β∗ =50 cm.
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Abstract

Gas target chamber

A new instrument is under development for the High Luminosity upgrade of the Large Hadron Collider at CERN
(HL-LHC) to provide non-invasive transverse beam size
measurements throughout the full acceleration cycle. The
Beam Gas Vertex (BGV) monitor consists of a tank supplied
with gas at very low pressure attached to the LHC beam pipe
with a series of particle tracking stations located downstream
outside vacuum. Inelastic collisions between the beam and
the gas target produce secondary particles that are detected
by the tracking stations. The beam size is measured from
the spatial distribution of several thousand beam-gas interaction vertices, which are identified by means of reconstructed
tracks. A demonstrator device, operated over several years,
has proven the feasibility of the BGV concept and has motivated the development of a fully operational device for
HL-LHC. The status of current design studies for the future
instrument will be presented, with particular emphasis on
potential tracking detector technologies, readout schemes,
and expected performance.

INTRODUCTION

Since the birth of circular colliders, operators have been
seeking a means of monitoring the stored beam emittance
evolution throughout the full acceleration cycle: injection,
ramp, flat top, squeeze, stable beams. Analysing the emittance growth evolution is the best way to optimize accelerator
performance and in turn the experiments luminosity. The
emittance is usually obtained from beam profile measurements performed at a fixed location in the ring. Most classic
beam profile measurement techniques introduce a physical
object in the beam path: secondary emission grids, imaging
screens, wire scanners. These instruments often cannot be
used with full physics beams since they would be damaged
[1], or produce unacceptable levels of beam losses [2]. Noninvasive techniques have therefore been actively developed
to allow beam profile measurements with almost no effect on
the beam. Synchrotron radiation (SR) is the most common
technique available at ultra-relativistic beam energies. It
make use of dipole or undulator magnets to generate SR,
which is then extracted through a view port and imaged to
∗
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Window chamber

Detector chamber

Figure 1: Sketch of the BGV demonstrator as installed in
LHC point 4.

obtain the beam profile. In the case of the LHC, the beam
synchrotron radiation telescope (BSRT) uses three different
SR sources (undulator, dipole edge radiation and dipole radiation) to cover the energy range from injection (450 GeV)
to flat top (6.5 TeV) [3]. This change in source during the
energy ramp implies that the system is not capable of continuous beam size monitoring, but can only be used to provide
measurements at injection and at top energy. The HL-LHC
beam gas vertex monitoring station (HL-BGV hereafter)
presented in this paper addresses this issue by proposing
an elegant way to measure the beam profile continuously
throughout the acceleration cycle.

LEGACY FROM THE BGV
DEMONSTRATOR
The BGV demonstrator shown in Fig. 1 is based on the
LHCb VELO SciFi technology [4] and has been successfully measuring the LHC beam size in real time, publishing
a beam size measurement after only a few seconds of integration [5]. While not planned to be an operational device,
it has been run for testing purposes almost continuously during the last months of the 2018 LHC run. The demonstrator
geometry did not allow precise vertexing and therefore the
beam profile could not be imaged directly as first expected.
The beam size was therefore obtained by means of a track
correlation method as previously used in [6, 7]. Based on
the experience with the BGV demonstrator, the HL-BGV
aims to overcome this issue to provide a two dimensional
transverse profile of the beam in real time.

THE HL-BGV GAS TARGET
In order to reach a beam gas inelastic collision rate of
200 Hz per bunch a gas target is required, created by injecting neon gas into a specially designed tank. Active pumping
is present on both extremities of this vacuum vessel in or-
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QUADRATED DIELECTRIC-FILLED REENTRANT CAVITY RESONATOR
AS A PROTON BEAM POSITION DIAGNOSTIC*
S. Srinivasan†, P. A. Duperrex, J. M. Schippers, Paul Scherrer Institut, 5232 Villigen, Switzerland

Abstract
Low proton beam intensities (0.1-40 nA) are used for
medical treatment of tumours at the PROSCAN facility in
Paul Scherrer Institut (PSI). A cavity resonator using four
quadrants operating in a dipole mode resonance has been
developed to measure beam positions at these low intensities. The TM110 resonance frequency of 145.7 MHz is
matched to the second harmonic of the beam pulse repetition rate (i.e.72.85 MHz). HFSS (High Frequency Structural Simulator) provides the BPM geometry and important
parameters such as pickup position; dielectric dimensions
etc. Comparison of test bench measurement and simulation
provides good agreement. The measured position and signal sensitivity are limited by the noise, so that a position
signal can be derived at beam intensities of at least 10 nA .
We will discuss potential methods to increase the sensitivity. The dipole cavity resonator can be a promising candidate as a non-invasive position diagnostic at the low proton
beam intensities used in proton therapy.

INTRODUCTION

In proton radiation therapy at PSI, we use proton beams
of low intensities (0.1-40 nA). Currently monitoring such
low intensities with sufficient accuracy and reliability, is
performed with ionization chambers [1].We face a strict
regulation of their use due to scattering issues. We vanquish it with a non-invasive beam current monitor, working
on the fundamental mode of resonance [2, 3]. To gain similar advantage for beam position information, we built a
reentrant four-quadrant cavity resonator, which works on
the dipole mode of resonance.

TM110 CAVITY BPM

Dipole mode (TM110) cavity resonators [4, 5], find its
use for beam position measurements where beam signals
are weak as they provide large signal/displacement. The directly retrievable TM110 mode is a position-dependent
mode, which exists only for offset positions and is zero for
a centered beam. The amplitude of this mode (combination
of horizontal and vertical polarization) is proportional to
the bunch charge (=beam intensity) and its position offset.
For PROSCAN, we chose the resonance frequency at
145.7 MHz, which is the second harmonic of the beam
pulse repetition rate of 72.85 MHz. The bunch length of the
beam pulses is 2ns. However, in addition, we need a reference monopole mode (TM010) cavity at 145.7 MHz to determine the sign of displacement and common-mode elimination. Figure 1 shows a schematic layout of the device.

_____________________
* This project has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie SkłodowskaCurie grant agreement No 675265.
† sudharsan.srinivasan@psi.ch
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The beam excited TM110 signals can be evaluated as a
cylindrical cavity of a given radius and gap length:

Figure 1: Schematic layout showing the 4 quadrants of the
position monitor, as indicating the major parameters. 1 and
2 beam entrance and exit ports. 3-6 pickup ports.

R
50Ω
β
out
V110
( Δx) =   .ω.q.
Bc
QL
1+ β
 Q 110

(1)

where, (R/Q)110, is the normalized shunt impedance of the
TM110 mode for an unloaded quality factor, Q; ω is the
angular resonance frequency; q is the bunch charge, QL is
the loaded quality factor, Bc is the beam-coupling coefficient, β is the pickup coupling coefficient [4]. Below we
will describe how these parameters can be optimized.

ANSYS HFSS SIMULATION
We use ANSYS HFSS (High Frequency Structural Simulator) to calculate H and E field distributions in different
design layouts and to find the optimal geometrical parameters [6].
As shown in Fig. 1, the prototype comprises of four suspended Alumina ceramic [7] filled reentrant cavities within
a common grounded cylinder and supported by PEEK[8].
The four cavities, occupy each quadrant of the grounded
aluminum cylinder (two for X and two for Y) and are insulated with respect to each other.

Analysis Setup: Boundaries and Excitations
We have developed a parametric model of the prototype
with the help of the inbuilt modeller.. We have designed a
transmission-line-like structure with a Perfect Electric
Conductor (PEC) as a centre conductor, which simulates
the proton beam. We have performed a network analysis
[9] to evaluate the transmission coefficients (Sij) between
the waveport excitations of the simulated beam and the
pickup ports at the cavities.
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MEASURING BEAM SIZE WITH THE LHC BEAM GAS VERTEX
DETECTOR∗
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Abstract

The Beam Gas Vertex detector (BGV) is an innovative
beam profile monitor being developed as part of the High
Luminosity LHC (HL-LHC) project at CERN. The goal is to
continually measure the transverse beam size by reconstructing tracks originating from beam-gas interactions using high
precision tracking detectors. To confirm the feasibility of
such a device, a demonstrator based on eight modules of
scintillating fibre detectors has been constructed, installed
in the LHC and operated for the past 3 years. It will be
shown that using the BGV the average transverse beam size
can be obtained with a statistical accuracy better than 5 µm
(assuming a Gaussian beam with a sigma of ~200 µm). This
precision is obtained with an integration time of less than
one minute. In addition, the BGV measures the size of individual bunches with a statistical accuracy of better than
5 % within 5 minutes. Results obtained from data acquired
in 2018 will be presented and compared to measurements
from other beam profile monitors.

INTRODUCTION

The LHC Beam Gas Vertex (BGV) demonstrator is a noninvasive transverse beam size monitor developed as part
of the high luminosity upgrade of the LHC (HL-LHC). It
uses two tracking stations to reconstruct inelastic beam-gas
interactions to measure the transverse beam size in both the
horizontal and vertical plane simultaneously. A dedicated
gas chamber was installed to provide a uniform target for the
beam to interact with, which included a thin exit window for
the secondary particles to escape with minimal scattering.
High-precision scintillating fibre (SciFi) detectors placed in
two stations behind this exit window record the very forward
collisions and enable high precision track reconstruction.
A dedicated pattern recognition algorithm was developed
using the correlation of the impact parameter (IP) of the
recognised tracks to calculate the beam size. This method
was first developed and tested by the LHCb experiment [1–3].
The BGV demonstrator was installed in point 4 of the LHC
and successively commissioned in 2016 and 2017, before
running in a near fully operational mode in 2018.
∗
†
‡
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The BGV setup consists of three main components: a gas
target chamber, a precision tracking detector and a trigger
system as shown in Fig. 1. For a complete description of the
whole setup please refer to [4].

Figure 1: Layout of the BGV detector as installed in the
LHC.

ANALYSIS
The BGV analysis consists of reconstructing tracks from
the recorded clusters, using the tracks from the same event
to calculate the correlation values and then combining the
values from many events to calculate the beam size from
the correlations. The pattern recognition algorithm for associating clusters with tracks was developed for the special
geometry of the demonstrator, utilising the specific layout
and properties of the modules to narrow down the large
number of possible cluster combinations to those physically
possible. The beam size calculation is based on correlating
tracks originating from the same vertex, using the Distance
Of Closest Approach (DOCA) of each track as previously
applied in [5, 6]. Due to the limited geometrical coverage
of the SciFi planes the measured beam size differs from the
actual beam size, requiring a correction estimated by simulating various beam profiles and comparing the measured
and generated size.

RESULTS
All results presented in this section have been recorded
using the full BGV detector, and are corrected using the
procedure described in [4].

Precision
The distributions of successive BGV beam size measurements over periods of several minutes during stable LHC
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DEVELOPMENT OF OPERATING ALARM SYSTEM AT TPS
C.S. Huang†, H.S. Wang , W.Y. Lin, T.Y. Lee, B.Y. Chen, S.Y. Perng, T.C. Tseng, C.H. Kuo and
C.K. Kuan
National Synchrotron Radiation Research Center, Hsinchu, 30076, Taiwan, R.O.C.

Abstract
The Taiwan Photon Source (TPS) has many subsystems
which includes magnet, power supply, vacuum, RF system,
insertion device, control system, etc. Therefore, the operational and system check procedures are complex. In this
paper, we summarize the routine operational procedures
and propose an integrated operational alarm system that
gathers machine information and sets high/low warning
and fault limits for various signals which can help operators to quickly identify abnormal subsystems, thereby reducing machinery down time. The alarm system also has a
wide range of applications, such as the event recording that
helps the analysis after event. This new alarm system interface clearly indicates the machine status and improves operational efficiency.

INTRODUCTION

The Taiwan Photon Source (TPS) is the latest generation
of 3 GeV synchrotron light source which has been under
construction at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. It consists of a 150
MeV Linac, a 0.15 to 3 GeV booster ring, a 3 GeV storage
ring, and two transfer lines, LTB and BTS. The TPS storage
ring will provide 48 beam lines for users in the future. The
storage ring has 24 DBA cells, 18 short straight sections
(7m), 6 long straight sections (12m) and 2 SRFs [1]. The
IDs, 7 in-vacuum undulators (IU) and 3 elliptically polarized undulators (EPU), are installed in the TPS storage ring
to deliver 7 beamlines.
The EPICS (Experimental Physics and Industrial Control System) is a set of open source software tools, libraries
and applications developed collaboratively and used to create distributed soft realtime control systems for scientific
instruments such as the particle accelerators. The control
system infrastructure of TPS is based upon the EPICS
framework. [2]. The EPICS toolkit provides standard tools
for display creation, archiving, alarm handling and etc.
The CSS is a collection of tools: Alarm handler, archive
engine, as well as several operator interface and control
system diagnostic tools[3]. Most of them deal with Process
Variables (PVs), i.e. named control system data points that
have a value, time stamp, alarm state, maybe units and display ranges, but they do this in different ways. One tool
displays the value of a PV, one displays details of the PV
configuration, while another concentrates on the alarm
state of a PV.
WEPGW085
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The integrated operation of alarm systems is achieved by
the use of the Control System Studio (CSS) platform and
the Experimental Physics and Industrial Control System
(EPICS) channel. This system displays both alarms and associated information. Figure 1 shows the network architecture of the proposed alarm system, in which the alarm triggers are process variables (PVs) in the control system,
which are external to the alarm system per se. The alarm
system monitors these PVs, and PVs of non-normal will
trigger an alarm.

Figure 1: Network architecture of proposed alarm system.
We developed this integrated operation alarm system to
help operators better manage their alarm systems. Figure 2
shows the GUI of the program, which has three parts: an
alarm area panel, alarm tree, and message history function.
When a warning or a fault occurs, the system can identify any abnormal subsystems in real time. Its usage is also
quite flexible and it can record the trigger time and abnormal signal information to a given event. With this program
feature, operators are fully informed regarding any abnormal status of the TPS.
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CONTROL SYSTEM STUDIO TO MONITOR FRONT END AND BEAMLINES STATUS AS WELL AS LIGHT SOURCE STABILITY
W. Y. Lin, C. S. Huang, B. Y. Chen, T. Y. Lee, C. H. Kuo
National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan
Abstract
The primary task during a shift change at the Taiwan
Photon Source Accelerator Operations team is to know the
exact status of the machine, so that problems can be discovered immediately and solved when the machine behaves abnormal.
To provide a stable beam during top-up operation, it is
necessary to monitor closely the stability of the light source,
of front end areas and beamlines. Should any abnormality
occur, the operator would initiate initial troubleshooting
and adjustments, inform users and subsystem staff members and perform subsequent first analyses and system optimizations.
In this article, we describe how to sort through the necessary information with the Control System Studio (CSS)
design page.
There are currently seven beamlines in operation at the
Taiwan Photon Source (05, 09, 21, 23, 25, 41, 45) and more
new beamlines will be added in the future. Compared with
other tools, CSS is intuitive and easy to revise. No matter
weather adding new parameters or changing settings, the
operation team can quickly get familiar with the machine
status and perform an interface upgrade.

TPS LIGHT SOURCE STABILITY
MONITORING
The light source stability is very important for users [1]
and we use therefore the CSS to record electron orbit
changes upstream and downstream of IDs during user operation (excluding the injection period). Figure2 shows the
corresponding diagram of beamline, ID and ustream/downstream electron BPMs.When a change exceeds the allowable range, the synchrotron radiation will suffer a large offset. When such a problem is discovered, it should be excluded as much as possible at first or it will become the
reference basis for further optimization of the system.

TPS FRONT END AND BEAMLINE
STATUS MONITORING
Figure 2: Corresponding diagram of beamline, ID and upstream/downstream electron BPMs.
From the design parameters of the TPS, the tolerable orbit variation is 10% of the electron beam size (design value
σx = 39.7 μm; σy = 15.8 μm), which is about 4 μm in the Xand 1.5 μm in the Y-direction. Figure 4 shows the BPMs
located at the up and downstream of TPS-21 and ID gap,
the horizontal axis on the graph represents the past 12 hours
to the present time, which is the maximum number of hours
a particular operator may on duty. The data can also be selected for any other specific time period as shown in Fig. 3.

Figure 1: TPS Front end and beamline status monitoring
page.
All real-time information mentioned above is collected
on one page (Fig. 1), so that the operator can understand
the state of the front end and beamline.

Figure 3: Selection of the temporal display interval for data
recording.
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CHARACTERISATION OF ELECTRO-OPTIC PICKUPS FOR HIGH
BANDWIDTH DIAGNOSTICS AT THE HIGH LUMINOSITY LHC
A. Arteche∗ , S. E. Bashforth, A. Bosco, S. M. Gibson, I. Penman
JAI at Royal Holloway, University of London, Egham, UK
M.Krupa, T. Lefèvre, CERN, Geneva, Swizerland

Abstract

A high bandwidth electro-optical beam position monitor is under development for the High Luminosity LHC. A
series of measurements of the electro-optic signals were previously obtained by an EO-BPM prototype installed in the
SPS. This paper focuses on an advanced design that would
further improve the sensitivity of the pick-up by optimising the shape of the metallic electrode mounted onto the
crystal. The proposed upgraded electro-optic pickups significantly increase the image field profile of the passing bunch
inside a lithium niobate crystal embedded within the pickup.
This work is based on parametric studies, performed using
CST particle studio, investigating various electro-optic (electrode and crystal) configurations. We present the expected
performance of the different designs, alongside with their
evaluation on a test bench, highlighting the most relevant
choice for a prototype pick-up to be installed on LHC.

INTRODUCTION

The EO-BPM technology has been proposed as a diagnostic tool to monitor the bunch crabbing and detect high order intra-bunch perturbations at the future High-Luminosity
LHC [1, 2]. The fast optical response induced by the ultrarelativistic Coulomb field is designed to follow the transverse
position along 4σ ∼ 1 ns for the nominal HL-LHC bunch
length of 1.15×1011 protons, with an operational bandwidth
between 6 GHz − 12 GHz.
The performance of the EO-BPM relies on the ElectroOptic (EO) interaction of the Lithium Niobate (LNB) crystal
assembled between electrodes in the core of each Pick-Up
(PU) and the beam-induced modulating field ELNB . The
crystal birefringence is modified with the passing beam,
producing a phase retardation subject to be delivered in
form of optical modulation into fast detectors.

field reduction caused by ϵr in Eq. (1) and was validated
by the overall increase factor ∼ 8 measured in the SPS in
2017 [4, 5]. Particularly, the EO PU prototype installed
in the SPS detected modulations below 1% of the transfer
function range for PU-one at Crossed Polarisers (CP) caused
by small modulating fields (< 3 kV/m) with respect to its
characteristic Eπ parameter (∼ 400 kV/m) [5].
The upgrade strategy consists essentially of maximizing
the ratio ELNB /Eπ . The reliability of the Single Crystal Interferometric (SCI) arrangement that offers a 1.45 reduction
factor in Eπ was successfully tested in 2017 in the SPS [6].
Based on those results, an extra factor two given by the Double Crystal Interferometric (DCI) is considered. In addition,
the optimization of the floating electrode shown later on targets to enhance ELNB up to a range between 30 − 50 kV/m,
that is, at least 10 times higher than PU-one in the SPS.
Figure 1 shows the transfer functions that determine the
EO performance for the three configurations considered,
assuming a 9 mm long crystal working at λ = 780 nm to
avoid photorefractivity in LNB, and a natural birefringence
offset such that the signal scales up along the linear response
region. Above 30 kV/m at DCI, the optical modulation is
more than 30 times better than for PU-one at CP, increasing
the signal from 1 % to a significant portion of the transfer
function (∼ 30%); however, it should be noticed that beyond
50−60 kV/m at DCI the system gradually looses the linearity
which implies the EO upgrade limit is reached. Further
improvements may concern the acquisition system, which is
independent of the EO optimisation discussed in this paper.

Upgrade Target
Previous PU variant one (PU-one) proved that the floating
electrode facing the beam can direct an amplified image
field strength ELNB of the Coulomb field ECoulomb into the
crystal [3]:
ELNB = µC

ECoulomb (r0 )
,
ϵr

(1)

where µC is the amplifying coupling factor, r0 the radial
position of the crystal, and ϵr = 30 is the relative dielectric
constant of LNB. This approach aimed to overcome the
∗
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Figure 1: Transfer functions for a 9 mm long LNB crystal at
780 nm for the three main EO configurations considered.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T03 Beam Diagnostics and Instrumentation

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW089

CALIBRATION OF THE AWAKE ELECTRON SPECTROMETER WITH
ELECTRONS DERIVED FROM A PARTIALLY STRIPPED ION BEAM
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University College London, London WC1E 6BT, UK,
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1 also at Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

Abstract

The electron spectrometer for the Advanced Wakeﬁeld
(AWAKE) experiment at CERN has been tested using an
electron beam derived from partially-stripped ions accelerated in the Super Proton Synchrotron (SPS). The remaining
electrons are stripped by passage of the beam through a thin
screen upstream from the spectrometer, and using knowledge
of the ion beam charge and energy, models of the spectrometer response could be veriﬁed.

INTRODUCTION

Plasma wakeﬁeld acceleration is a promising technology
for future particle accelerators in terms of both energy gain
and reduction in size and cost. Using wakeﬁelds driven by
protons delivered by the Super Proton Synchrotron (SPS) at
CERN in a Rb laser-ionized plasma, the Advanced Wakeﬁeld (AWAKE) experiment is a proof-of-principle plasma
wakeﬁeld accelerator with demonstrated energy gains for
injected electrons of up to 2 GeV over the 10 m length of the
plasma [1].

The electron Spectrometer

The diagnostic spectrometer for accelerated electrons at
AWAKE comprises a quadrupole doublet followed by a largeacceptance dipole. The magnet arrangement directs the
electron bunch onto a 1 m DRZ High scintillating screen
(Mitsubishi), which is observed, via a system of mirrors,
from 17 m away by an Andor image-intensiﬁed CCD camera.
More details of the technical speciﬁcations of the spectrometer may be found in Reference [2]. Brieﬂy, the bending
dipole transforms diﬀerences in energy into horizontal displacement on the screen, and the quadrupoles, which have a
6% strength diﬀerence, provide focussing up to a maximum
of 1.3 GeV. Using simulations performed with the Beam
Delivery Simulation (BDSIM) software [3], a polynomial
ﬁt function for screen position to beam energy for various
dipole currents was calculated. Additionally, simulations to
predict the variation of beamspot size in both horizontal and
vertical planes have been performed at various quadrupole
currents.
∗ david.cooke@ucl.ac.uk
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ELECTRON BEAMS FROM
PARTIALLY-STRIPPED IONS TO AWAKE
As part of the Gamma-Factory project [4] machine development (MD) runs, partially stripped Pb ions (PSI) were
accelerated in the SPS. Usually, ion acceleration in the SPS
is performed with fully-stripped ions. In order to study the
stability of high energy atomic beams, in these MD runs
Pb81+ and Xe39+ were accelerated up to rigidity-equivalent
energies to 400 GeV protons, that is, the total relativistic
energy Eion :

2
Eion = Z 2 E p2 β2p + E0(ion)
(1)
where Z is the ion charge, E p the proton energy (400 GeV in
this case), β p the β for the proton beam, and E0(ion) = m0 c2 ,
the rest mass energy of the ion. For the AWAKE PSI run,
only 208 Pb81+ —hydrogen-like Pb—was used, meaning the
ions were accelerated to 32.40 TeV, or 155.7 GeV/n. The
utility of these ion beams for AWAKE calibration is that the
remaining electron can be stripped by passing the beams
through a thin foil or screen, to produce electron beams with
well deﬁned energies and narrow energy spreads. The energy
of the resultant electron beam can be calculated from simple
kinematic arguments; the binding energy of the electron
being ignored, the ions and ionized electrons have the same
Lorentz factor γ, so
Ee =

Eion
E0(e)
E0(ion)

(2)

or 85.46 MeV for H-like Pb (E0(e) = 0.511 MeV).

Determination of Energy Distribution, Angular
Distribution and Bunch Population
In order to produce a ﬁt for the electron optics of the
spectrometer, the energy distribution of the test electron
beam must be determined. The above calculation (Equation
2) predicts only the initial energy of the stripped electrons,
however, as they are stripped inside a foil, the electrons can
subsequently interact with the material of the foil which will
worsen the energy distribution. Furthermore, the position in
the foil that stripping process occurs aﬀects how much material the electrons must subsequently pass through. In order
to determine this position, the stripping cross-section must
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Abstract
The commissioning of the Extra Low Energy Antiproton (ELENA) [1] ring was completed before the start of the
second long shutdown (LS2) at CERN. First beams to an
experiment in a new experimental zone have also already
been delivered. ELENA will begin distributing 100 keV
cooled antiproton beams to all antimatter experiments in
2021. This contribution presents measurements made using
a novel scraping algorithm capable of determining the emittance of non-Gaussian beams in the presence of dispersive
effects. The electron cooler is shown to effectively reduce
the transverse phase space after blow-up during deceleration.
Finally, the application of the scraping algorithm to other
machines with a scraper located in a dispersive region is
discussed.

INTRODUCTION
In order to effectively commission and operate any modern storage ring or particle accelerator, it is essential to
monitor the transverse emittance of the beam at all stages of
the machine’s cycle.
A scraper is a method to measure the emittances of very
low intensity and energy beams and, thus, was chosen for
ELENA. Such a system has been sucessfully in use at the
Antiproton Decelerator (AD) for many years [2, 3]. The
drawback is that the measurement is destructive for the beam.
When an emittance is measured with a scraper, a scraper
blade is moved transversally through the beam. The evolution of the beam loss rate (in some cases the beam intensity)
and the scraper position are recorded.
The intensity change may be measured by detecting the
secondaries generated by beam interaction with the scraper
blade, and is the method used in both the AD and ELENA
through the detection of secondary pions with scintillating
detectors. ELENA is also capable of supplying H− to the
experimental areas and proton beams may be used for example for electron cooling studies. As a result, micro channel
plate (MCP) detectors also comprise the scraper hardware
in ELENA, in order to detect the secondary electrons generated by these beams. Once the transverse cumulative density
function (CDF) of the beam has been determined through
these measurements, analysis may be performed to extract
the transverse emittance of the beam.
Generally, the emittance may be calculated using the transverse betatron functions, βx,y , at the scraper blade’s position
∗
†
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and a measurement of the beam width taken from the CDF,
as in the AD. In ELENA however, there is no region of zerodispersion, and so the scraper algorithm must take dispersive
effects into account. Additionally, the beam may take on
non-Gaussian transverse profiles due to electron cooling and
so it is not always possible to assume Gaussian transverse
beam distributions [4].
Two new scraper analysis algorithms have been developed
for use within ELENA. One method is capable of reconstructing the emittance of Gaussian beams in a region of non-zero
dispersion, and estimating the longitudinal RMS relative momentum spread, σδ , (here simply RMS momentum spread
for brevity). The other algorithm, which requires a combination of successive measurements from both sides of the
beam (e.g. positive and negative x), is capable of accurately
estimating the emittance for a beam of arbitrary distribution
shape. The algorithms have both been previously presented
and tested with simulations [5]. In this paper, the new algorithms are used on measurements taken with antiprotons
during the commissioning of ELENA in 2018.

Figure 1: Times measurements were made during the deceleration cycle marked with vertical red lines.

MEASUREMENTS
In total, 16 individual measurements were used for the
analysis of the antiproton beam. The measurements were
taken at different times along the ELENA deceleration cycle,
during energy plateaus, with RF off in order to allow for
a coasting beam and Schottky measurements of the RMS
momentum spread. An example of a typical ELENA cycle
and measurement times may be seen in Fig. 1.
Here we present the measurements taken at t = 7.8 s and t =
14.5 s along the 650 keV intermediate plateau. Additionally
two sets of measurements performed during a second cycle,
at the 100 keV ejection plateau are presented. These second
measurements were taken at the same time along the plateau,
but with cooling off and on to compare effects.
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BEAM LOSS CONTROL WITH SCINTILLATING MONITORS AT ISIS
B. Jones†, S. A. Fisher, A. Pertica, ISIS, RAL, UK
Abstract
The ISIS Facility at the Rutherford Appleton Laboratory
produces intense neutron and muon beams for condensed
matter research. Since 1984 its 50 Hz, rapid cycling
synchrotron has accelerated protons from 70 to 800 MeV
and now typically delivers 0.2 MW of beam to two target
stations supplying thirty-four instruments.
Control and minimisation of beam loss is vital to the
success of high-power proton accelerators. Coverage and
sensitivity of beam loss monitoring at ISIS has recently
been improved by the installation of scintillating monitors
inside the synchrotron’s main dipoles. In addition to their
primary goal of preventing damage to dipole RF screens,
these monitors have also provided a highly sensitive tool
for empirical accelerator optimisation.

INTRODUCTION
The ISIS synchrotron accelerates up to 3×1013 protons
per pulse from 70 to 800 MeV in 10 ms, at 50 Hz. The
163 m circumference ring is filled over 200 µs (130 turns)
via H- charge-exchange injection through a ~1 µm carbon
foil. The working point is (Qh,Qv) = (4.31, 3.83).
Typically, 1 - 2% of the beam is lost during injection due
to foil interactions and stripping inefficiency. The
un-chopped injected beam is captured by the dualharmonic RF system over the first 3 ms of the acceleration
cycle. During this time, a further 2-3% of beam is lost.
From 2 to 4 ms during the acceleration cycle, a vertical
head-tail instability is observed with resulting losses
peaking at 2.5 ms. The vertical betatron tune is rapidly
reduced to 3.75 at this time, away from the integer, to
reduce the instability growth rate. However, for ≥ 200 µA
operation, up to 0.5% of beam is lost in this period. The
remainder of the acceleration cycle is virtually lossless
until extraction at 9.8 ms. Extraction is vertically upwards
via three low impedance, single turn, lumped element
ferrite kickers into a DC septum. The process is very
efficient with < 0.05% of the beam lost.

and digitised by custom FPGA boards. Integrated losses
are displayed at 50 Hz in the control room and fed into the
interlock chain. The system provides a sensitive, fast but
qualitative measurement of loss with a spatial resolution
superior to that given by the intensity monitors. Sensitivity
of the system increases by a factor of ~100 over the energy
range of the synchrotron, with the neutron yield and argon
ionisation cross-section. This scaling has proved to
correspond well with the activating effect of losses through
the cycle [2] and the monitors have allowed safe, highpower operation of ISIS for several decades.

Scintillators
The ionisation monitors are ineffective at measuring
losses inside the main dipoles of the synchrotron, which
account for 25% of the circumference, as they are shielded
by the magnet’s thick steel yokes. In the past, RF screens,
wire cage structures which provide a low impedance for
beam-induced currents, inside dipoles have been damaged
by unseen beam loss leading to lengthy periods of
downtime for repair [2]. Scintillating BLMs have been
installed along the inside radius of each of the ten main
dipoles to improve monitoring of these losses [3].
The monitors are 150×100×3.5 mm blocks of the plastic
scintillator BC-408. Six monitors, with entirely nonmetallic support assemblies to avoid eddy currents, are
installed in each dipole, Fig. 1. Optical fibres connect each
monitor to a photo-multiplier tube (PMT), these are cabled
via custom electronics to a PXI data acquisition system.
Data is published at 50 Hz over the site network to allow
real-time optimisation of beam parameters. The monitors
are sensitive to a wide range of secondary products
generated by lost beam striking accelerator components.
Prior to installation, each monitor was calibrated with a
strontium-90 source and the PMT voltages set accordingly.

BEAM LOSS MONITORING
The beam loss monitoring (BLM) system is vital to the
continuing high-power operation of ISIS as it prevents
equipment damage and enables essential 'hands on'
maintenance procedures by limiting component activation.

Ionisation Chambers
Loss is primarily detected by 3 m long, argon-filled
ionisation chambers distributed around the inside radius of
the synchrotron at floor level, giving near-total azimuthal
coverage for measurement of evaporation neutrons [1].
Signals are processed via wideband (0-20 kHz) amplifiers

Dipole Yoke
Scintillator BLM
Ceramic Vessel

Figure 1: Scintillator BLMs installed inside a synchrotron
main dipole between the yoke and ceramic vacuum vessel.

___________________________________________
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NANOSECOND-LATENCY SUB-MICRON RESOLUTION STRIPLINE
BEAM POSITION MONITOR SIGNAL PROCESSOR FOR CLIC
D.R. Bett, P.N. Burrows, C. Perry, R. Ramjiawan, John Adams Institute, Oxford, UK
G.B. Christian, Diamond Light Source, Didcot, UK
Abstract
A high-resolution, low-latency stripline beam position
monitor (BPM) signal processor has been developed for use
in an intra-train feedback system for the Compact Linear Collider (CLIC). The processor was designed to have extremely
low latency of order nanoseconds and a target position resolution of order 1 micron. The processor consists of a pair of
diodes to form the difference and sum of a pair of stripline
BPM inputs with microstrip filters to reduce out-of-band
noise. The assembled prototype was optimized for use with
the electron beam in the extraction line of the Accelerator
Test Facility at the High Energy Accelerator Research Organization (KEK) in Japan but the underlying design is readily
scaleable to a higher frequency response relevant for CLIC.
A latency of 3 ns was measured in a testbench setup. We
report the results of performance tests with beam in which
the position resolution was measured to be c. 325 nm.

INTRODUCTION
In order to maintain the CLIC luminosity to within a few
percent of the design value, intra-train feedback is required
to provide sub-nanometre beam stabilisation [1]. For CLIC
bunch trains of length 156–176 ns [2], the system latency
determines how many iterations of feedback are possible
within a single train and consequently the luminosity recovery achievable with intra-train feedback [3].
Particular beam stability challenges include slow drifts,
from sources such as thermal drifts, and higher-frequency
disturbances, including facilities noise and ground motion [1]. Relative motion of the final doublet (FD) corresponds one-to-one to the displacement of the beam at the
interaction point (IP) and an intra-train feedback system
must be able to mitigate this effect.
Pulse-by-pulse feedback could mitigate lower frequency
disturbances but would be unable to correct motion at frequencies above the train repetition rate. As σy /σx = 1/40
the luminosity is most sensitive to vertical offsets and, consequently, only feedback in the vertical plane will be considered here.

CLIC Feedback System
A stripline BPM processor has been designed for use in
the CLIC IP feedback system [4], shown in Fig. 1. One
primary requirement is that it must be very low latency in
order to facilitate intra-train feedback on CLIC trains with
a bunch separation of 0.5 ns. The processor must also be
radiation-hard and be able to operate in a high magnetic
field, prohibiting the use of ferrites in the design. Finally,

Figure 1: CLIC interaction region showing the IP feedback
(FB) kicker, stripline BPM and FB processor [1].

the processor should be simple, reliable and with at least
micron-level resolution.
The CLIC IP feedback system (Fig. 1) comprises a BPM
and associated processor to measure the deflected beam after
interaction and a kicker and amplifier upstream of the IP for
beam correction. The beam measurement and corrections
are applied to opposing beams so as to reduce the latency
from signal propagation.

Accelerator Test Facility, ATF2
The prototype processor was tested at the Accelerator Test
Facility, ATF2 [5] (KEK, Japan) in the FONT extractionline feedback system, depicted in Fig. 2. The processor was
implemented on stripline BPM P1 [6]. The charge at the
ATF2 (∼1 nC) is comparable to the CLIC bunch charges
of 1.1 nC and 0.6 nC, for the 0.5 TeV and 3 TeV baseline
designs, respectively [1]. The other BPMs, P2 and P3, had
conventional FONT processors as described in [6]. The output from the processors were digitised on FONT5A boards
as detailed in [7].
A key difference between ATF2 and CLIC operation is the
number of bunches; the ATF2 was configured for trains of
single bunches compared with CLIC trains of 354 and 312
bunches for the 0.5 TeV and 3 TeV designs, respectively [4].
Single bunch measurements are more challenging and so
problems are not expected when scaling the prototype to be
suitable for CLIC. The processor was tested on stripline BPM
outputs that peak at 700 MHz, compared with the CLIC
bunch repetition frequency of 2 GHz. The processors were
designed so as to be scaleable to the higher-frequency CLIC
signals.
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COMMISSIONING OF THE PROTOTYPE FOR A NEW GAS CURTAIN
BEAM PROFILE MONITOR USING BEAM INDUCED FLUORESCENCE
FOR HL-LHC
A. Salehilashkajani∗ , C.P. Welsch, H.D. Zhang
Cockcroft Institute and University of Liverpool, Warrington, UK
M. Ady, N. S. Chritin, J. Glutting, O. R. Jones,R. Kersevan T. Marriott-Dodington,
S. Mazzoni, A. Rossi, G. Schneider, R. Veness, CERN, Geneva, Switzerland
P. Forck, S. Udrea, GSI, Darmstadt, Germany
Abstract
A new supersonic gas-jet curtain based beam profile monitor is under development for minimally invasive simultaneous transverse profile diagnostics of proton and electron
beams, at pressures compatible with LHC. The monitor
makes use of a thin gas-jet curtain angled at 45◦ with respect
to the charged particle beams. The fluorescence caused by
the interaction between the curtain and the beam can then
be detected using a dedicated imaging system to determine
its transverse profile. This contribution details design features of the monitor, discusses the gas-jet curtain formation
and presents various experimental tests, including profile
measurements of an electron beam using nitrogen and neon
curtains. The gas-jet density was estimated by correlating it
with the number of photons detected by the camera. These
measurements are then compared with results obtained using
a movable pressure gauge. This monitor has been commissioned in collaboration with CERN, GSI and the University
of Liverpool. It serves as a first prototype of a final design
that will be placed in the LHC beam line to measure the
profile of the proton beam.

INTRODUCTION
A hollow electron lens system [1] is currently under development as a key part of the collimation upgrade for the
High Luminosity Large Hadron Collider (HL-LHC) [2]. It
is crucial for the proton beam and its surrounding electron
beam to be aligned. In order to meet this challenge and
monitor the two beams simultaneously, a new, minimally invasive supersonic gas curtain beam profile monitor is under
development within a collaboration between CERN, GSI
and the Cockcroft Institute (CI). A supersonic gas curtain
ionisation profile monitor has already been developed and
tested extensively at the CI [3–6].This old monitor was also
tested in fluorescence mode as a proof of principle [7].
In this type of monitor, a supersonic gas curtain is
created as a high-pressure gas flows through a nozzle and
a series of three skimmers. This gas curtain enters the
interaction chamber, where a beam of charged particles
pass through the curtain in perpendicular to its flow. The
fluorescence induced by the excitation of the gas molecules
by the charged particles beam is detected via a dedicated
imaging system to produce a 2D image of the beam’s
∗
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transverse proﬁle. Details on the imaging system can be
found in [8].
This contribution summarises the ﬁndings from the
proto-type monitor, where neon and nitrogen are used as
working gases [8, 9]. The results from this monitor
ultimately con-tribute to the design of the ﬁnal system to
be deployed at the LHC.

SYSTEM OUTLINE
A supersonic gas jet is generated as a high pressure gas
flows through a 30 µm nozzle into a vacuum chamber with an
ambient pressure of 3 × 10−3 mbar. This jet of high density,
high velocity gas then flows through two conical skimmers
with diameters of 180 µm and 400 µm respectively and a
third pyramid shaped one with 4× 0.4 µm slit opening. The
third skimmer is tilted by 45◦ to allow a 2D measurement of
the profile.
The schematics of the new gas-curtain based beam profile
monitor and a picture of the setup installed at the Cockcroft
Institute are displayed in Fig. 1. The operating pressure of
each chamber is given in Table 1.
Table 1: Background Gas Pressure in Each Chamber with the
Electron Gun on and the Inlet Pressure for the Jet Set to 5 bar
Chamber
Nozzle Chamber
Skimmer Chamber 1
Skimmer Chamber 2
Interaction Chamber
Dump Chamber

2.90 × 10−3 mbar
5.90 × 10−6 mbar
6.10 × 10−7 mbar
1.38 × 10−8 mbar
4.30 × 10−9 mbar

The skimmer assembly that contains the nozzle holder,
the first and the second skimmer is placed in the skimmer
chamber. The third skimmer is placed 325 mm downstream
from the nozzle. There is a gas separator placed in the skimmer chamber that divides the volume between the first and
the second skimmers, and the second and the third skimmers.
This separator is designed to reduce the gas load entering the
interaction chamber. Off-line alignment of the nozzle and
the skimmer assembly is possible with the setup as described
in [10].
The gas curtain, angled at 45◦ , is formed after the third
skimmer and enters the interaction chamber. An electron
gun (EGG-3103A), which produces a Gaussian electron
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COHERENT TRANSITION RADIATION SPATIAL IMAGING AS A
BUNCH LENGTH MONITOR
J. Wolfenden∗ , C. P. Welsch, University of Liverpool and the Cockcroft Institute, Liverpool, UK
T. H. Pacey, ASTeC STFC and the Cockcroft Institute, Warrington, UK
B. Kyle, University of Manchester and the Cockcroft Institute, Manchester, UK
E. Mansten, S. Thorin, M. Brandin, MAX IV, Lund, Sweden
R. B. Fiorito, RBF LLC, Bellingham (WA), USA
A. Shkvarunets, University of Maryland, Maryland, USA
Abstract
High-resolution bunch length measurement is a key component in the optimisation of beam quality in FELs, storage rings, and plasma-based accelerators. Simulations have
shown that the profile of a coherent transition radiation
(CTR) image produced by a charged particle beam is sensitive to bunch length and can thus be used as a diagnostic.
This contribution presents the development progress of a
novel bunch length monitor based on imaging the spatial
distribution of CTR. Due to the bunch lengths studied, 10 fs100 fs FWHM, the radiation of interest was in the THz range.
This led to the development of a THz imaging system, which
can be applied to both high and low energy electron beams.
The associated benefits of this imaging distribution methodology over the typical angular distribution measurement are
discussed. Building upon preliminary multi-shot proof of
concept results last year, a new series of experiments have
been conducted in the short pulse facility (SPF) at MAX IV.
Single-shot measurements have been used to measure the
exact point of maximum compression. Analysis from the
proof of concept results last year, and initial results from the
new measurements this year are discussed.

INTRODUCTION
Transition radiation (TR) is produced when the electric
field of a charged particle traverses the boundary between
two dielectric constants, e.g. an electron impinging upon the
surface of a metallic target [1]. TR has a broadband spectral distribution, of which a specific bandwidth is typically
studied. CTR is produced when this bandwidth contains
wavelengths comparable to or exceeding the bunch length
of the TR source particle bunch.
Previous studies have shown that the Angular Distribution
(AD) of similar coherent radiation is sensitive to RMS bunch
a
length [2]. The AD, Ibunch
, for an electron bunch is calculated using the AD from a single electron, Iea , multiplied by
the longitudinal bunch form factor, Fz , integrated over the
applicable bandwidth [3]. Explicitly this is:
∫
a
dIbunch
d 2 Iea
2
|Fz (ρ (z) , ω)| 2 dω,
≈ Ne
(1)
dΩ
∆ω dωdΩ
where dΩ is the solid angle of observation, Ne is the number of electrons in the bunch, ρ(z) is the longitudinal bunch
∗
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profile, ω is the frequency of the emitted TR, and ∆ω is the
specified bandwidth. This formulation assumes a large ∆ω
and a large Ne , in order to neglect the incoherent contributions to the AD.
Equation (1) demonstrates that the AD produced by the integration over ∆ω is simply the summation of the individual
spectral components AD’s, modulated by the longitudinal
form factor of the source bunch. Therefore, changes in ρ(z)
will be apparent in the AD produced, if ∆ω is chosen such
that it captures the spectral range over which Fz varies.

CTR SPATIAL IMAGING
The AD of a radiation source can be collected by placing
a detector in the focal plane of a focusing element. This
configuration focuses all rays from the source plane with the
same angular properties, as well as upstream sources sharing
those same properties, to the same point in the focal plane.
However, this method has been shown to provide interference issues for coherent wavelengths [4]. When multiple
radiation sources are within the coherence length, L = γ 2 λ
(γ is the Lorentz factor and λ is wavelength), of one another
they can destructively interfere and distort the expected AD
of a single source [5]. In an ideal AD system, any two
sources of coherent radiation would be kept separated by
a distance, d, such that d >> L. At mm-wavelengths this
becomes impossible in practise, as often L >>10 m. Interference occurs amongst the various upstream sources, and
the resulting AD can become incompatible with diagnostic
requirements.
Virtual photon theory states that radiation produced
through the interaction of relativistic particles with other
media has properties similar to that of real photons [1]. This
theory can be applied in the case of CTR to draw on optical
theory; the spatial distribution (SD) of CTR in the image
plane of a focusing element is related via Fourier transform
to the AD of CTR in the focal plane of the same focusing
element. It follows that the image of CTR must also be dependent upon a longitudinal bunch profile, as Eq. (1). The
benefit of using the SD rather than the AD is that the imaging system is now focused on the TR source plane, rather
than all upstream sources. Although upstream sources will
still be collected, they will be de-focused in the image plane.
By maximising the distance from the focusing element to
the image plane, upstream sources can be reduced to a nearuniform background. This removes the interference effects
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DEVELOPMENT OF SUPERSONIC GAS-SHEET-BASED BEAM PROFILE
MONITORS
H. D. Zhang † , A. Salehilashkajani, C. P. Welsch,
Cockcroft Institute and University of Liverpool, Warrington, UK
M. Ady, J. Glutting, O. R. Jones, T. Marriott-Dodington, S. Mazzoni, A. Rossi, G. Schneider,
R. Veness, CERN, Geneva, Switzerland
P. Forck, S. Udrea, GSI, Darmstadt, Germany
Abstract
MEASUREMENT PRINCIPLE
Non-destructive beam profile monitoring is very desirable, essentially for any particle accelerator but particularly
for high-energy and high-intensity machines. Supersonic
gas jet-based monitors, detecting either the ionization or
fluorescence of a gas sheet interacting with the primary
beam to be characterized, allow for minimally invasive
measurements. They can also be used over a wide energy
range, from keV to TeV beams. This contribution gives an
overview of the jet-based ionization and fluorescence beam
profile monitors which have been developed, built and
tested at the Cockcroft Institute. It discusses gas sheet generation, vacuum considerations, choice of gas species and
detection methods.

INTRODUCTION
Beam diagnostics play a key role in the safe and reliable
operation of any particle accelerator. Especially for high
energy, high-intensity machines, it is of great importance
that proper diagnostics with non-invasive methods are in
place for continuous monitoring. Many methods can be
used to determine the beam profile. Scintillating screens
and SEM-Grids are used very frequently as invasive methods at proton accelerators. Synchrotron radiation provides
a convenient and non-invasive means of beam imaging, but
it is only applicable at the highest energy proton accelerators like LHC. Historically, ionisation beam profile monitoring (IPM) [1] or beam induced fluorescence (BIF) [1],
based on the interaction between the primary beam and the
residual gas, have been considered the least-invasive methods of measuring beam profiles in one dimension. Their
application is often linked with specific locations where
gas injection is allowed and a typically some meter-long
pressure bump is acceptable; otherwise, a long integration
time will be expected. Addressing these issues using IPM
or BIF based on a supersonic gas jet curtain instead of the
residual gas would be appropriate, since the gas jet curtain
can be thin but with high density and can be pumped out
easily because of its directionality. This contribution will
discuss the development of such monitors based on experience of gas jet based IPM and BIF at the Cockcroft Institute (CI) in recent years.

A supersonic gas jet curtain tilted at 45 degrees gets generated in the interaction chamber, with its direction perpendicular to that of the primary beam. The density of the gas
jet is normally more than 10 times higher than the surrounding residual gas. In this way, the gas jet curtain resembles a scintillating screen, but is inconsumable. When
the primary beam interacts with the gas jet curtain, ions,
electrons and photons are generated. These can be collected to recover the profile information of the primary
beam. Normally, the cross-section depends on the species
of the jet and the energy and type of the primary beam.
While IPM collects all the ions generated, BIF collects
photons only in a certain solid angle. Hence BIF would require a much higher integration time than IPM to detect a
primary beam, for the same gas jet density. A diagram illustrating this process can be seen in Fig. 1.

Figure 1: The principle of a gas-jet based beam profile
monitor.

JET GENERATION AND MEASUREMENT

Figure 2: Schematic of a prototype gas-jet based beam profile monitor using BIF mode.
___________________________________________
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Using the setup at CI as an example, see Fig. 2, the supersonic gas jet must reach an equivalent pressure of 10-6
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DEVELOPMENT OF A BEAM HALO MONITOR*
V. Dudnikov, R.P. Johnson, M.A. Cummings, M. Popovic, Muons, Inc, Batavia, Illinois 60510
R. Thurman-Keup, Fermilab, Batavia, Illinois 60510

Abstract
Our innovative approach is to design the Beam Halo
Monitor, where beam induced synchrotron radiation will
be used to monitor the beam Halo. This involves an original scheme of light collection using a coronograph for
measuring beam halo.

INTRODUCTION
Intense electron beams pose a challenge for beam profile measurements. Solid-based beam intercepting instrumentation produces unallowable levels of radiation at
these high powers. An alternative is to use a zero-or-low
mass device such as a synchrotron radiation light. Challenges are to produce repeatable, pulse-by-pulse measurements of beam sizes and positions. Typical beam sizes
are ~1 μm to 2 mm rms, and the required pulse-to-pulse
precision is ~1 μm in position and size. Beam profile
determination at high intensity electron accelerators implies the use of non-destructive methods. The basic physics and recent technical realizations of important nonintercepting profile diagnostics are summarized in Ref.
[1,2,3].
Advanced beam diagnostics are essential for a highperformance accelerator beam production and for reliable
accelerator operation. It is important to have noninvasive
diagnostics which can be used continuously with intense
beams of accelerated particles. Noninvasive determination of accelerated particle distributions including beam
halo is the most difficult task of providing bunch diagnostics.
Muons, Inc. proposes to develop a novel beam induced
synchrotron radiation beam halo bonitor with pulse-topulse precision of better than ~1 μm in position and size
that will operate over a wide range of electron beam intensities including those needed for beams of future facilities. First we discuss the operation and limitations of
synchrotron radiation beam halo monitors.

Particle density distributions in the beam of a cyclic accelerator are important in all three degrees of freedom x,
y, s (x, y are the transverse coordinates, s is the longitudinal coordinate). The typical RMS size is σx,y,s. The transverse profiles may be separated into two parts: the central
part (within the limits of 5-6σ) and the halo (outside of
6σ). The central part is the body of the beam that determines characteristics such as collider luminosity or
brightness of synchrotron radiation. The beam lifetime
and detector backgrounds have a direct connection to the
distribution in the halo; hence we need reliable information on particle distributions of the halo as well as of
the body of beam. On-line measurements of halo distributions are used to tune the accelerator. Nowadays, two
methods are widely applied for this purpose: a scraping
collimator and a wire scanner. Both methods involve
interacting with the beam, changing its properties and
even destruction. Moreover, these techniques take a long
time and combine poorly with other measurements and
experiments on the machine. The advantage of both diagnostics is a wide dynamic range (up to 106).

Figure 1: Coronagraph for sun corona observation.

TECHNICAL DESCRIPTION OF SYNCHROTRON RADIATION BEAM HALO
MONITOR
 Beam profile and beam halo measurements are important for accelerator optimization and in general
for accelerator experiments. The beam profile monitoring for electron beams is usually based on synchrotron radiation.
___________________________________________

Figure 2: Schematic of classical coronagraph of Bernard
Lyot.
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A NEW ORBIT FEEDFORWARD TABLE GENERATION METHOD FOR
INSERTION DEVICES*
Y. Hidaka†, B. Kosciuk, B. Podobedov, J. Rank, T. Tanabe,
Brookhaven National Laboratory, Upton, New York, USA

Abstract

A new method of orbit feedforward (FF) table generation
for insertion devices (IDs) is proposed. The main purpose
of the orbit FF table is to suppress orbit disturbance around
a storage ring, caused by the gap/phase motion of an ID. A
conventional procedure is to measure a closed orbit at a
reference ID gap/phase state, and another one at a different
state, with all types of orbit feedback (FB) systems disabled. Based on the difference orbit, the correction currents
for the local ID correctors are estimated to cancel the
global orbit distortion. The new method instead utilizes the
orbit deviation at the beam position monitors within an ID
straight section (ID BPMs) with respect to a dynamically
changing orbit that is defined by the orbit at two BPMs
bounding the ID straight. Correction currents are determined such that this orbit deviation at the ID BPMs is minimized. Being impervious to transverse kicks external to
this bounded region, this measurement can be performed
with a global orbit FB system turned on, which could allow
parallel table generation for multiple IDs.

INTRODUCTION

Residual first and second field integrals of an insertion
device (ID) are minimized during the tuning of the device
before installation to a storage ring, but cannot be corrected
to a negligible level in many cases. These residual errors
result in global closed orbit distortion when the state (i.e.,
gap or, for elliptically polarized undulators, phase) of an ID
is changed. With an orbit feedback (FB) system, this distortion can be localized to the straight section where the ID
is moving such that beamline experiments at other IDs are
not adversely affected. However, since these ID-state-dependent orbit errors are predictable and reproducible, an
orbit feedforward (FF) system is typically utilized to offload the burden on the global orbit FB (e.g., [1]).

Figure 1: Schematic for dynamic orbit definitions in a
region bounded by two BPMs. Triangles indicate kicks,
while circles represent BPMs.
___________________________________________
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A conventional procedure involves a measurement of
closed orbit at many beam position monitors (BPMs)
around the ring with an ID fully open, and another measurement with the ID closed to a certain gap/phase, while
any type of orbit FB is disengaged. Then the correction currents for the orbit correctors near the ID are computed to
minimize the observed orbit difference. Given this procedure, it is obvious that FF table generation can be done 1)
only one ID at a time and 2) only during dedicated beam
studies, not user operation periods that require the use of
orbit FB systems. Long-term drifts of the ID field errors
also necessitate occasional table updates. Therefore, it is
desirable to speed up the procedure. Depending on the
types of IDs, the generation and validation of an orbit FF
table can take a few tens of minutes to hours (2-D tables
for EPUs), fundamentally limited by the speed at which
IDs can be moved. The new method proposed in this paper
can drastically reduce the total time required for generating/updating the orbit FF tables for all the IDs installed in
a storage ring via parallelization.

DEFINITIONS OF DYNAMIC ORBITS
For the new FF table generation method, we use a special
orbit whose reference dynamically changes. We consider a
region of a storage ring bounded by two BPMs (called as
bounding BPMs) located at �� and �� , where there are several BPMs in-between them, as shown in Fig. 1. We assume this bounded region (BR) to be an ID straight section
and refer to the BPMs internal to this region (located at �1
and �2 ) as ID BPMs, for ease of understanding and connection to the new FF method we will discuss later, even
though the orbit definitions do not require such an assumption. Using the raw BPM position values (i.e., values that
would be normally used for orbit display and correction)
�� and �� at the bounding BPMs, the dynamic straight-line
orbit at the ID BPMs is defined as:
�� − ��
�������
(� − �� ) + �� .
�(�� ) ≡ ��� ≡
�� − �� �
Then the dynamically-bounded orbit (DBO) is defined as:
(1)
Δ�(�� ) ≡ Δ�� ≡ �� − ��� ,
where �� is the raw BPM position at an ID BPM located at
�� within BR. Note that Δ�(�� ) = Δ�(�� ) = 0. Any one
DBO can be selected as a static reference orbit Δ�� (�� ) ≡
Δ��� . Finally, we can define a reference-subtracted dynamically-bounded orbit (RSDBO) as follows:
(2)
��(�� ) ≡ ��� ≡ Δ�� − Δ��� .
The most important characteristic of DBO and RSDBO
is that they are impervious to any transverse kick changes
outside of BR that generate global orbit distortion. As long
as there is no change in transverse kicks within BR, DBO
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INVESTIGATION ON MYSTERIOUS LONG-TERM ORBIT DRIFT AT
NSLS-II*
Y. Hidaka †, W. X. Cheng ‡, L. Doom, R. P. Fliller, G. Ganetis, J. Gosman, C. Hetzel, R. Hubbard,
D. Padrazo Jr., B. Podobedov, J. Rose, T. Shaftan, S. Sharma, V. Smaluk, T. Tanabe, Y. Tian, G. Wang,
C. Yu, Brookhaven National Laboratory, Upton, NY 11973 USA

Abstract

Over a few months in 2018, we observed occasional episodes of relatively quick accumulation of correction
strengths for the fast correctors (used by the fast orbit feedback) near Cell 4 (C04) region at NSLS-II Storage Ring.
We immediately started investigating the problem, but the
cause remained unclear. However, after coming back from
the Fall shutdown, we experienced even faster drifts, at a
rate of as much as 10 urad per day in terms of orbit kick
angle accumulation. The risk of damage on the ring vacuum chambers by the continuing orbit drift without explanation eventually forced us to take emergency study shifts
and temporarily lock out the C04 IVU beamline. After extensive investigation by many subsystem experts in Accelerator Division, ruling out many suspicious sources one by
one, we were finally able to conclude the cause to be the
localized ground motion induced by large temperature
jumps of the utility tunnel right underneath the C04 straight
section. We report the details of this incident.

and orbit analyses indicated a potential kick source around
the same region. Since the readback for the insertion device
(ID) orbit correctors for C04 ID was known to be unreliable, we decided to upgrade the power supply interface during the machine Fall shutdown starting on Aug. 20, 2018,
to determine whether one of the ID correctors is the culprit
if the same trend returns.

Figure 1: 10-day history of fast corrector max/min current,
starting from August 10, 2018, before the shutdown.

INTRODUCTION

The National Synchrotron Light Source II (NSLS-II) is
a 3-GeV third generation light source commissioned in
2014 at Brookhaven National Laboratory [1]. Currently the
storage ring routinely operates at 400 mA beam current
with top off injection, serving 23 ID beamlines. The ring
consists of 30 alternating long (9.3 m) and short (6.6 m)
straight sections, housing insertion devices, injection kickers, and RF cavities. In this paper, we describe the events
and their root cause of mysterious large orbit drift we encountered during beamline operation periods in 2018 that
eluded us for more than a month.

OBSERVATIONS OF ORBIT DRIFT

We noticed the first persistent orbit drift around the start
of August 12, 2018, by the fact that the correction strengths
of the fast correctors, which are automatically controlled
by the fast orbit feedback (FOFB) system, were quickly accumulating. The fast correctors are rather weak, having the
current range of +/-1 A with 12 urad/A. This forced us several times to run a shifting program that transfers the fast
corrector correction strengths to the slow correctors, shown
as the sawtooth behaviors of the maximum and minimum
fast corrector strength history in Fig. 1. After about a week,
the accumulation speed tapered down. The correction was
always the strongest around Cell 4 (C04) straight section,
___________________________________________
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Figure 2: 10-day history of fast corrector max/min current,
starting from September 17, 2018, after the shutdown.
When we came back from the shutdown on Sept. 17,
2018, the orbit was stable for one day, until a similar drift
reappeared, as shown in Fig. 2. The strength accumulation
was even faster than before, requiring more frequent fastto-slow-corrector shifting operations.
During the course of the investigation, as shown in Fig.
3, we realized that our so-called ID BPM beam-based
alignment (BBA) values were drifting by more than 150
um within a week, our administrative threshold value for
resetting the ID BPM BBA values. We will discuss more
about ID BPM BBA values later, but these values are supposed to be constant over a long duration and the basis of
our active interlock system for equipment protection [2].
Hence, it was deemed too risky to continue operation of
C04 ID without knowing why these values were varying
this much.
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SYNCHROTRON RADIATION BEAM DIAGNOSTICS AT IOTA COMMISSIONING PERFORMANCE AND UPGRADE EFFORTS∗
N. Kuklev† , Y.-K. Kim, University of Chicago, Chicago, IL, USA
J. Jarvis, A. L. Romanov, J. K. Santucci, G. Stancari, Fermilab, Batavia, IL, USA

Abstract

The Integrable Optics Test Accelerator is a research electron and proton storage ring recently commissioned at the
Fermilab Accelerator Science and Technology facility. A
key part of its beam diagnostics suite are synchrotron radiation monitors, used for measuring transverse beam profile,
position, and intensity. In this paper, we report on the performance and uses of this system during the year 1 run. We
demonstrate sub-100nm statistical beam position uncertainty
and high dynamic range from 109 electrons down to a single
electron. Commissioning challenges and operational issues
are discussed. We conclude by outlining current upgrade efforts, including improved modularity, small emittance measurements, and a multi-anode photomultiplier system for
turn-by-turn acquisition.

INTRODUCTION

Integrable Optics Test Accelerator (IOTA) is a new research electron and proton storage ring located at Fermilab’s
Accelerator Science and Technology (FAST) facility that
just completed its first year commissioning and scientific
run. It has a circumference of 40m, and is designed to use
either 2.5 MeV protons provided by an RFQ injector, or up to
150 MeV (100 MeV this run) electrons from FAST linac [1].
Over next few years, a comprehensive experimental campaign is planned including tests of techniques for improving
beam intensity and stability (with integrable optics [2–4],
and electron lenses [5]), a demonstration of optical stochastic cooling [6], single electron quantum optics and undulator
radiation studies [7], advanced beam diagnostics development [8], and others. All of these project either directly
or indirectly require accurate beam intensity and transverse
profile measurements, which will be provided by the Synchrotron Radiation (SR) diagnostics suite, called SyncLight
(SL) [9]. This paper provides an overview of the SL system,
its uses during the run, and planned upgrades.

Background and System O
O verview

Synchrotron radiation is produced by charged particles
undergoing radial acceleration, and is a byproduct in any
storage ring. It plays a large role in beam damping, and is
also a commonly used diagnostic signal [10, 11]. SR intensity profile is strongly forward peaked, with total radiation
power scaling as fourth power of particle energy. For IOTA,
∗

†

protons do not produce sufficiently intense or energetic SR
signal, but for electrons, critical wavelength is in the UV
range, allowing for simple and cost effective measurements
with silicon-based sensors and visible band optics.
IOTA ring contains 8 bending dipole magnets, with 4 each
of 30 and 60 degree varieties. All the vacuum chambers have
downstream optically transparent windows, through which
SR can be extracted. A schematic diagram of the IOTA ring
is shown in Fig. 1 - note that in 4 of 8 sections, radiation
from potential insertion devices in the straights can also be
observed.

This work was supported by the U.S. National Science Foundation under
award PHY-1549132, the Center for Bright Beams. Fermi Research
Alliance, LLC operates Fermilab under Contract DE-AC02-07CH11359
with the US Department of Energy.
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Figure 1: Layout of IOTA ring, with injection point in the
upper central section. Main bends are in blue.
SyncLight system is comprised of 8 stations situated atop
each of the dipoles. In base configuration, each station has
two components - first is an optical periscope transport line
consisting of two mirrors, an iris, and a lens, that captures
SR and focuses it onto the detector, while using the iris to
limit depth of field errors. Second and more extensive part
is the modular detector station, that in its base configuration
contains a low-noise CMOS camera, but also provides capability to add modules like color wheels, photomultipliers
(PMTs), polarizers, and other devices. It houses various
connectivity and support electronics, including Raspberry
Pi motor control nodes and fanouts for add-on connectivity
- power, Ethernet, shielded high voltage and heliax signal
cables. All key components are motorized, allowing for
remote alignment and changes to the optical configuration.
Main camera detector is read out at 10FPS to a DAQ server
cluster, which processes the images in real time to extract
beam intensity, position, and size, and forwards that information with compressed data onto user consoles and the
general accelerator controls network. We are in the process
of open-sourcing the software framework, since it is highly
modular and easily adaptable to other facilities. A typical
station configuration is shown in Fig. 2.
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THE CBETA BEAM POSITION MONITOR (BPM) SYSTEM DESIGN AND
STRATEGY FOR MEASURING MULTIPLE SIMULTANEOUS BEAMS IN
THE COMMON BEAM PIPE*
R. Michnoff†, R. Hulsart, Brookhaven National Laboratory, Utpon, NY, USA
J. Dobbins, Cornell University, Ithaca, NY, USA

Abstract
CBETA, a 4-pass electron Energy Recovery Linac
(ERL) is presently under construction at Cornell University
and is a collaboration between Brookhaven National Laboratory (BNL) and Cornell University. Beam commissioning began in March 2019 with a single pass ERL configuration. Commissioning of the complete 4-pass machine is scheduled to begin in fall 2019. The fixed field
alternating gradient (FFA) return loop for CBETA uses
Halbach permanent magnets with a common beam pipe for
seven different energy beams (4 accelerating energies and
3 decelerating energies). One of the most challenging requirements for the CBETA BPM system is to independently measure the position of each of these beams. The
overall design of the CBETA BPM system and the techniques planned to measure the position of each energy
beam will be presented.

INTRODUCTION

The full CBETA machine layout is shown further in this
document (figure 4). The 6 MeV beam from the injector is
accelerated by 36 MeV with each of 4 passes through the
Main Linac Cryomodule (MLC) up to 150 MeV. The beam
is then decelerated for 4 additional passes down to 6 MeV
when the beam is sent to the dump line. Four splitter lines
are provided on each end of the MLC, one for each of the
4 energies (42, 78, 114, 150 MeV), and are used to provide
path length matching back to the MLC. The 150 MeV
splitter path length includes an extra half RF period to
cause the beam to begin the deceleration sequence through
the next 4 MLC passes. Each loop of the beam travels
through the common FFA beam pipe section [1].

345.5 resulting in a bunch spacing of 4.5 RF periods between the 150 MeV bunch and the decelerating 114 MeV
bunch. Figures 1-3 provide images of this explanation.
Figure 4 shows the layout of the CBETA machine.

Figure 1: Bunch spacing within and between typical bunch
trains as seen from the perspective of the MLC. Each
bunch train is a group of accelerating and decelerating
bunches. Three trains are shown here.

Figure 2: One full turn of all 11 CBETA bunch trains.

BUNCH PATTERN

Before describing how the BPM system will measure
each energy bunch, an explanation of the bunch pattern
must first be provided. A bunch is injected every 31 1300
MHz RF periods, resulting in an injection rate of 1300/31
= 41.935 MHz. For splitters 1 (42 MeV), 2 (78 MeV) and
3 (114 MeV), the number of RF periods per turn is 343.
With injections every 31 RF periods, 11 bunches are injected each turn with an injection turn rate of 341 RF periods, resulting in a newly injected bunch preceding the
bunch injected on the previous turn by 2 RF periods. For
splitter 4 (150 MeV) the number of RF periods per turn is
___________________________________________
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Figure 3: Number of RF periods between turns for a single
bunch making 8 passes through the MLC, traversing
through all of the accelerating and decelerating energies.
Note that the number of periods between turns 4 and 5 is
2.5 more than the others. This is where the beam passes
through splitter 4, which has a longer path length.
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MEASURING BEAM PARAMETERS WITH SOLENOID*
I. Pinayev†, Y. Jing, D. Kayran, V.N. Litvinenko, I. Petrushina, K. Shih, G. Wang, BNL, Upton,
NY 11973, U.S.A.
Abstract
We have developed methods of measuring electron beam
energy and trajectory including angle and position based
on the analysis of beam steering by a solenoid. Beam energy measurement is performed in the straight beamline
and is suitable for the beams with substantial energy
spread. In this paper, we describe the experimental set-up
and the obtained results.

TRANSPORT MATRIX CALCULATION
Calculation of Solenoid Transfer Function
The transfer function of a hard edge solenoid (uniform
field of certain length) is well known [3]:

INTRODUCTION
Solenoids are widely used for the optics control of the
low energy beams because they provide focusing in the two
planes and preserve cylindrical symmetry of the system. So
far solenoids were mostly used for measuring beam emittance as well as - and -functions.
In some occasions they were used for alignment of the
beam trajectory in gun solenoid to preserve beam emittance [1, 2].
In this paper we describe our methods and experimental
results. First, we measure the energy of the beam using the
fact that solenoids rotate the plane of transverse motion and
this angle is unambiguously defined by the beam rigidity.
Second, we measure and correct beam trajectory in the solenoids. Since solenoids do not have overlapping fields, we
utilize matrix approach to describe the transverse beam displacement at the observation point (either beam position
monitor (BPM) or profile monitor) as a function of solenoid’s current. We generalized the method to an arbitrary
transfer function between solenoid and beam position
monitor. The 4×4 transport matrix is calculated using the
already known beam energy (rigidity) and the product of
matrices of solenoids and drifts. This matrix is evaluated
for variable current of the solenoid at the location of the
measured trajectory, and fixed currents of other solenoids
(if any) between the location and the observation point.
The matrix of each solenoid is calculated using the beam
energy and the magnetic measurement data. The beam trajectory at the location under study is found as a solution of
a set of linear equations. Finally, we use beam profile monitors and solenoid scans for measuring transverse beam
emittances.
Measurement of second moments of the beam image on
the profile monitor with dependence of the solenoid current
in combination of the knowledge of transport matrix allows
to find second moments of the beam distribution and,
hence, its parameters.
All the procedures described above make solenoids into
a nearly universal tool for measuring beam parameters.
___________________________________________

*

Work supported by the US Department of Energy under contract No. DESC0012704
† pinayev@bnl.gov

𝑥
𝑥′
𝑦
𝑦′

(1)

where rotation matrix is:

𝑀

𝑐𝑜𝑠𝜃
0
=
−𝑠𝑖𝑛𝜃
0

0
𝑐𝑜𝑠𝜃
0
−𝑠𝑖𝑛𝜃

𝑠𝑖𝑛𝜃
0
𝑐𝑜𝑠𝜃
0

0
𝑠𝑖𝑛𝜃
0
𝑐𝑜𝑠𝜃

(2)

and 𝜃 = 𝑒𝐵∥ 𝑠 ⁄2𝑝 𝑑𝑠, where e is electron charge, p is
its momentum, and 𝐵∥ 𝑠 is axial field. The focusing matrix can be calculated from the following equation:
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where k is 𝑒𝐵∥ 𝑠 ⁄2𝑝.
The real solenoid can be represented as series of hard
edge solenoids with different magnetic fields.
The rotation of beam trajectory was utilized for beam
energy measurement.

Transport Matrix Calculation
We treated focusing elements as infinitesimally short,
separated by known drift space. In this case transfer matrix
from the solenoid under test to BPM can be found as:
∏ 𝑀

𝑀 =𝑀

𝑀

𝑀

(4)

where MdriftBPM is matrix o drift space between the last focusing element and beam position monitor (BPM) used for
position observation, Mfoc is matrix of the focusing element
(either solenoid or quadrupole), and Msol is matrix of the
solenoid being scanned.
Transfer matrix of the solenoid was calculated using the
magnetic measurement data:
𝑀
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STATISTICAL MEASUREMENT OF LONGITUDINAL BEAM HALO IN
THE FERMILAB RECYCLER∗
E.J. Prebys† , T.M. Nguyen, UC Davis, Davis, CA, USA
A.N. Gaponenko, Fermilab, Batavia, IL, USA
R.J. Hooper, Lewis University, Romeoville, IL, USA
A. Dyshkant, D.R. Hedin, Northern Illinois University, De Kalb, IL, USA
M.T. Jones, Purdue University, West Lafayette, IN, USA

Abstract

53 MHz bunches
from Booster

2.5 MHz bunches
for g-2 and Mu2e

Time [arbitrary units]

The formation of non-Gaussian halo in both the transverse
and longitudinal dimensions of beam bunches has been notoriously difficult both to model and to measure. We present
a technique to measure the longitudinal halo of 2.5 MHz
bunches in the Fermilab Recycler, which have been formed
for the g-2 anomalous magnetic moment experiment. While
out-of-time beam is not a particular concern to this experiment, it is a key issue for the subsequent Mu2e rare muon
decay experiment, which will use the same bunch formation
procedure. Our measurement relies on a statistical technique,
in which a small fraction of the beam is scattered from the
primary collimation foil in the Recycler, and then is detected
1.6 µsec Booster “batch”
by a charge telescope consisting of quartz Cherenkov radiators and photomultiplier tubes. By integrating over many 18FigureKourbanis
2: Waterfall
plot of theReport
formation of 2.5 MHz bunches
| Accelerator
revolutions, the time profile of longitudinal halo (out-of-time in the Fermilab Recycler, starting with 8 GeV 53 MHz
beam) can be measured down to less than a 10−5 fractional bunches from the Fermilab Booster at the bottom. The total
level, relative to in-time beam. These results can then be time for bunch formation is about 90 ms.
compared to simulations.

Beam
Scattering source (foil,
wire, scraper, etc)

40 Mp/pulse ±50%

Figure 1: Bunch structure for the Mu2e experiment at Fermilab. The experiment requires that no beam be present
between bunches at the 10−10 fractional level. This is referred to as the “extinction requirement".
Numerous experiments rely on the precise knowledge of
beam halo in the non-Gaussian tails, both longitudinally
and transversely. In particular, out-of-time beam in intense
beams is lost when the beam accelerates. For example, at
Fermilab, residual activation in the Main Injector is already
an issue, and it will become far more important as the intensity is increased in the coming years. Other experiments
∗

†

Limited acceptance tracker
of charge telescope

INTRODUCTION
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Figure 3: Conceptual illustration of the statistical measurement of longitudinal bunch structure. A scattering source
scatters a small fraction of the beam into a tracker or charge
telescope, such that an accurate time profile can be built up
without introducing saturation effects.
have their own stringent limits on out-of-time beam. Figure 1 shows the bunch structure requirement for the Mu2e
Experiment at Fermilab [1], which requires that the fraction
of out-of-time beam be less than 10−10 . This requirement is
referred to as “extinction". The full technique for achieving
this challenging specification is described elsewhere [2], but
it requires that every step in the bunch formation perform
according to plan.
In particular, the first step in bunch formation for Mu2e is
to transfer 8 GeV proton beam from the Fermilab Booster
Synchrotron to the Fermilab Recycler storage ring, where
it will be re-bunched to 2.5 MHz bunches, as illustrated in
Fig. 2. In order for the ultimate goal of of 10−10 extinction,
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TRANSVERSE UNCORRELATED EMITTANCE DIAGNOSTIC FOR
MAGNETIZED ELECTRON BEAMS
F. Hannon, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
M. Stefani, Old Dominion University: Dept. of Electrical & Computer Engineering,
Norfolk, VA 23529 USA
Abstract
The study of magnetized electron beam has become a high
priority for its use in ion beam cooling as part of Electron
Ion Colliders and the potential of easily forming flat beams
for various applications. In this paper, a new diagnostic is
described with the purpose of studying transverse magnetized beam properties. The device is a modification to the
classic pepper-pot, used in this novel context to measure the
uncorrelated components of transverse emittance in addition
to the typical effective emittance. The limitations of traditional methods are discussed, and simulated demonstrations
of the new technique shown.

INTRODUCTION
Research at Thomas Jefferson National Accelerator Facility (JLab) has focused on the production of magnetized
electron beams [1,2] for the purpose of an electron cooler
for the Jefferson Laboratory Electron Ion Collider (JLEIC)
[3]. Magnetized electron bunches are generated when the
source cathode is immersed within a magnetic field that has
a perpendicular field component, typically provided by one
or more solenoids. Due to the conservation of momentum,
electrons gain angular momentum as they exit the magnetic
field.
It is estimated that the cooling rate between a copropagating electron and ion beam in a solenoid channel
could be improved by about two orders of magnitude if the
electron bunch was not following typical Larmor rotations
[4,5]. To investigate magnetized beam, a short diagnostic
beam-line has been constructed to characterize the electron
beam as a function of magnetization, as shown in Fig. 1.

Figure 1: Diagnostic beamline: a. Gun in faraday cage, b.
Magnetizing solenoid, c. Viewer 1, d. Viewer 2/1DPP, e.
DQW Cavity, f. Viewer 3, g. Beam dump.

The inherent angular momentum of magnetized beams
manifests as a rotation and natural divergence in the transverse plane that complicates traditional diagnostic techniques, as described in the following sections. It is extremely
important to be able to measure the uncorrelated emittance
for the JLEIC electron cooler because this is the emittance
present inside the cooling solenoid when co-propagating
with the ion beam.

EMITTANCE
For the JLEIC cooler, the canonical transverse emittance,
εm , is set at 36µm. In addition to the magnetized emittance, which has a linear correlation in the x, ρy and y, ρx
planes (alternatively r, ρφ ), there is the typical uncorrelated
emittance, εu , from thermal electron energy at the cathode,
non-linear fields and induced by space-charge forces within
the bunch. For the JLEIC cooler there is a budget of 19µm
for the uncorrelated emittance component. Minimizing this
quantity decreases the chance of undesirable electron-ion
recombination [6]. The total effective emittance, ε, is given
by:
2
ε 2 = εm
+ εu2

Emittance Diagnostics
Emittance measurement techniques at low energy typically involve a insertable mask that allows a small portion
of the beam to be transported (without space-charge forces)
to a viewer, wire scanner or Faraday cup [7]. The emittance
is then derived either statistically from the sampled beam or
from an interpolated reconstruction of phase space. These
masks are usually either slits or 2D pepper-pots. Single or
multi-slits can be used to measure a 2D transverse phase
space, while a pepper pot can measure both transverse planes
simultaneously.
Consider a single slit diagnostic, where the beam is
scanned over the aperture. A beamlet is passed through
the slit and is incident on a viewer. In the case of magnetized beams, this beamlet is rotated and generally large at
the viewer compared to non-magnetized beams because of
the angular momentum. The emittance can be calculated
by statistically evaluating the first and second moments of
position and angle, or a profile can be fitted to the divergent
dimension of each beamlet and used to reconstruct phase
space [8,9].
Multi-slits and 2D pepper-pots can be problematic with
highly divergent beams as beamlets can overlap and one has
to choose a method of chopping the image to assign a portion
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DOUBLE QUARTER WAVE DEFLECTOR CAVITY DESIGN &
SIMULATION
M. Stefani1 , G. T. Park2
1 Old Dominion University: Dept. of Electrical & Computer Engineering, Norfolk, VA 23529 USA
2 Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 USA
Abstract
A Double Quarter Wave (DQW) Cavity has been designed,
tested and installed for use in longitudinal measurements as
part of a diagnostic beamline. This report will describe the
design and testing used to characterize this cavity before its
use in the study of a magnetized electron beam.

INTRODUCTION
The design process starts by specifying the desired performance of the cavity. In this case a zero-crossing-angle, low
power deflection of a bunched electron beam operating at a
frequency of 499 MHz. Other parameters such as tunability
and adjustment for coupling were chosen to be optimized in
the overall design.
Being a narrowband cavity ±1 MHz, it must be possible to tune the cavity resonance frequency to the operation
frequency. This sensitivity of the resonance frequency requires a tuner to compensate for effects from unavoidable
construction tolerances, temperature and pressure variations.
The copper cavity is expected to have power loss in the
cavity wall, but low power requirements make this a minimal
concern. Where Q0 denotes the unloaded Q, resulting from
just the wall losses, typical Q0 values obtained in normalconducting vacuum cavities made of Cu are 103 -106 , depending on geometry, size and frequency. The power ‘lost’
through the main power coupler is called the external Q e .
Since the power lost due to these different loss mechanisms
must be added, the total resulting Q, also referred to as Ql
(the loaded Q), is calculated from Eq. 1 or 2 where β is the
coupling factor.
1/Ql = 1/Q0 + 1/Q e

(1)

Ql = Q0 /(1 + β)

(2)

resonator. The design was done using CST-MWS simulation
[1] and resulting Figures of merit for the cavity is listed in
Table 1. The deflecting kick in the DQWR is a Lorentz
force provided by TEM (fundamental) mode, whose main
contribution comes from the electric field rather than the
magnetic field. With z and y axis aligned with the beam axis
and the vertical axis of the DQWR respectively, the force in
the kick direction (y axis) is given as:
Fy = e(Ey + vz Bx ),

(3)

where e is electron charge and vz is the velocity of an electron
along the beam axis and is assumed to be speed of light. A
3D model of the cavity, a cut-away image of the cvaity, and
1D profile of the on axis E field are shown in Figs. 1a, 1b,
and 2 respectively. Due to its vertical symmetry, the kick
of the DQWR does not have large quadrupole fields in its
profile.

(a) 3D Transparent model
of cavity

(b) The internal structure of the
DQWR

Figure 1: The structure of the DQWR

In the process of designing this cavity we are therefore
interested in simulation and measuring the operational frequency, tunablity, power and coupling. We have performed
beam-dynamics simulations for the cavity itself, operation
in the intended beamline and performed physical measurements of the cavities characteristic to compare with simulation.
Finally the cavity was installed in the beamline and
checked for functinality.

RF DESIGN OF THE CAVITY
The cavity delivers 8 kV for the required deflecting angle
at f =499 MHz and is realized by a normal conducting DQW

Figure 2: The Efield on-axis profile.
The cavity is equipped with a plunger-type tuner and a
loop power coupler. A stub of the tuner is inserted to the
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FEASIBILITY STUDY OF BEAM SIZE MEASUREMENT USING
INTERFEROMETER TECHNIQUE FOR ALS-U∗
C. Sun† , D. Filippetto, F. Sannibale, S.D. Santis, C. Steier
Lawrence Berkeley National Laboratory, Berkeley, CA 94706, USA

Abstract

two slits

ALS-U is an ongoing upgrade of Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory. The upgraded ALS will replace the existing Triple-Bend Achromat (TBA) storage ring lattice with a compact Multi-Bend
Achromat (MBA) lattice. This MBA technology allows us to
tightly focus electron beams down to about 10 µm to reach
diffraction limit in a soft x-ray region. The beam size measurement is a challenging task for this tightly focused beam.
The interferometer technique with visible light from synchrotron radiation has been developed in many facilities to
measure their beam size at a micrometer-level accuracy. In
this paper, we will present the feasibility study of this technique for the ALS-U storage ring beam size measurement.

INTRODUCTION

Advanced Light Source Upgrade (ALS-U) is an on-going
upgrade project at Lawrence Berkeley National Laboratory
which will provide x-ray beams at least 100 times brighter
than those of the existing ALS [1]. The upgraded ALS will
occupy the same facility as the current ALS, replacing the
Triple Bend Achromat storage ring lattice with a compact
Multi-Bend Achromat lattice which has a tightly focused
beam of about 10 µm in both horizontal and vertical directions. The accurate beam size measurement of this small
beam is a challenging task. Several techniques have been
developed in many synchrotron light source facilities to measure a small beam size with a micrometer-level accuracy.
Among these techniques, the interferometer with visible
light from synchrotron radiation is the most powerful and
simple method to resolve a small beam size.
The interferometer technique was first applied to measure
electron beam size by Mitsuhashi at the ATF damping ring [2,
3]. Nowadays, it has become a common method to measure
electron beam sizes for synchrotron light sources. At ALS-U,
we plan to use this technique to measure electron beam size
for the storage ring. In this paper, we present the feasibility
study of this technique to measure the ALS-U beam size
with a micrometer-level accuracy.

INTERFEROMETER TECHNIQUES

The working principle of the interferometer technique has
been well discussed in papers [2, 3]. Here we give a brief
description of this technique and introduce formulas that
will be used in our studies.
∗

†
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Figure 1: Sketch of the interferometer setup for beam size
measurements.

According to the Van Citterut-Zernike theorem, the profile of an object is given by the Fourier Transform of the
complex degree of spatial coherence γ at longer wavelengths
as in the visible light. Therefore, the beam profile and the
beam size can be derived from a measured spatial coherence.
The spatial coherence can be measured using a wavefrontdivision type of two-slits interferometer with polarized quasimonochromatic light as shown in Fig. 1. When the focused
beam passes through the two slits, it will create interference
fringes on the image plane. Assuming the two slits are illuminated with the same intensity, the interference fringes can
be calculated by


2 


2πD
I(x) = I0
1 + |γ| cos(
x + ψ) ,
λR
(1)
where I0 is the light intensity through the slits, a is the
half width of the slit, R is the distance between the two
slits and the image plane, λ is the working wavelength,
and D is the separation of the two slits; φ and ψ are
phase shifts; |γ| known as visibility is the real part of the
complex degree of spatial coherence γ. It is defined as
|γ| = (Imax − Imin )/(Imax + Imin ), where Imax and Imin are
the maximum and minimum intensities of the interference
fringes. Assuming the electron beam has a Gaussian distribution, the visibility is related to the beam size according
to
s
λL 1
1
σ=
ln
,
(2)
πD 2 |γ|
2πa
sinc(
x + φ)
λR

where σ is the RMS beam size and L is the distance between
the source point and two slits. D/L will define the acceptance angle of these two slits. Therefore, by measuring and
fitting the interference fringes to obtain the visibility |γ|, we
can derive the beam size information σ.
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DESIGN OF BOOSTER-TO-ACCUMULATOR TRANSFER LINE FOR
ADVANCED LIGHT SOURCE UPGRADE∗
C. Sun† , P. Amstutz, T. Hellert, J.Y. Jung, S.C. Leemann, J. Osborn, M. Placidi,
C. Steier, C.A. Swenson, M. Venturini, and W. Wan,
Lawrence Berkeley National Laboratory, Berkeley, CA 94706, USA

Abstract

For the Advanced Light Source Upgrade, an on-axis swapout injection is applied to exchange bunch trains between
the storage ring and the accumulator ring. To replenish the
accumulator ring before the swap-out injection, an electron
beam from Linac is first injected into the ALS booster to
ramp up the energy, and then transported to the accumulator
through the Booster-to-Accumulator (BTA) transfer line.
The design of the BTA transfer line is a challenging task
as it has to fit within a tight space while accommodating
the booster and accumulator rings at different elevations.
Moreover, the BTA design needs to meet the optics boundary
conditions and ideally minimize the size requirements of
vacuum-chamber apertures. In this paper, we will present
a design option of the BTA transfer line, which meets both
space limitations and beam physics requirements.

INTRODUCTION

Advanced Light Source Upgrade (ALS-U) is an on-going
upgrade project at Lawrence Berkeley National Laboratory
which will provide x-ray beams at least 100 times brighter
than those of the existing ALS [1]. The upgraded ALS will
occupy the same facility as the current ALS, replacing the
Triple Bend Achromat storage ring lattice with a compact
Multi-Bend Achromat lattice which has a very small natural
emittance of about 100 nm-rad. One of the consequences of
producing such a small emittance is a small ring dynamic
aperture into which an electron beam cannot be injected
using a conventional off-axis injection scheme. To overcome
this challenge, ALS-U will apply on-axis swap-out injection
to exchange bunch trains between the storage ring and a
full-energy accumulator ring.
The accumulator ring will be installed in the same storage
ring tunnel. It has a similar dynamic aperture as the current
ALS storage ring which allows for off-axis injection from
the existing ALS booster. To execute the injection process,
the Booster-to-Accumulator transfer line (BTA) is needed
to transport the beam. The design of the BTA transfer line
is a challenging task as it has to fit within a very tight space
meanwhile accommodating different elevations. Moreover,
the lattice design of this transfer line needs to meet optics
boundary conditions and minimize size requirements for
vacuum-chamber apertures. In this paper, we will present
a design option of the BTA transfer line based on an achro∗
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matic vertical dogleg, which meets both the space constraints
and beam physics requirements for ALS-U.

DESIGN REQUIREMENTS
The Booster-To-Accumulator (BTA) transfer line transports electron beams from the existing ALS booster to a new
accumulator ring. The accumulator ring design is based
upon the current ALS Triple-Bend Achromat lattice but with
a smaller circumference. It has a similar dynamic aperture
as the current ALS, which allows for the off-axis injection
from the existing ALS booster. The injection point to the
accumulator will be at its first straight section. Due to space
limitations, the accumulator will be mounted on the inner
shielding wall of the storage ring tunnel at the level of 0.65
meter higher than the ring as shown in Fig. 1. To accommodate this different elevation, the BTA transfer line needs to
provide both horizontal and vertical bendings.
To shorten the “dark time” with no user operations during
the ALS upgrade, the accumulator ring will be installed and
commissioned while the ALS is still in operation. This will
require a coexistence of injections to both the accumulator
ring and the ALS storage ring. To facilitate this, a “switcher
bend” will be installed in the existing Booster-to-Storage
ring (BTS) transfer line. This switcher bend will branch
out the BTS line to a new BTA line, allowing for switching
the injections between the ALS for normal user operation
and the accumulator for commissioning. Due to space constraints, this switcher bend will be installed right after the
third bending magnet B3 of the BTS line.
As shown in Fig. 1, there are three transfer lines, BTA,
ATS (accumulator-to-storage-ring) and STA (storage-ringto-accumulator) co-existing in the tight injection area. This
poses challenges for the transfer line designs. The main
challenge for the BTA transfer line design is to avoid magnet
interference between the BTA and BTS at the branch-out
point and interference between the BTA and accumulator
at the injection point. At the injection point, a horizontal
injection with pulsed thick and thin septa as shown in Fig. 2
is adopted. These septa are located at the far end of the
injection straight to reduce the bending angle requirement
for these septa.
The BTA design is constrained by the injection offset
and angle at the injection point, which are determined by
the injection scheme. Currently, both a nonlinear kicker
(NLK) and a two-dipole kicker injections are under consideration [2]. In the following discussion, the NLK injection
is assumed and the required injected beam offset and anMC2: Photon Sources and Electron Accelerators
T12 Beam Injection/Extraction and Transport
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ENERGY CALIBRATION OF THE ReA3 ACCELERATOR BY
TIME-OF-FLIGHT TECHNIQUE*
A.C.C. Villari†, D.B. Crisp, A. Lapierre, S. Nash, T. Summers and Q. Zhao
Facility for Rare Isotope Beams - National Superconducting Cyclotron Laboratory,
Michigan State University, 640 S Shaw Lane, East Lansing MI 48823 U.S.A.

Abstract
We report on a simple method to perform an absolute
calibration of the magnetic beam analyser of the reaccelerator ReA3 at the National Superconducting Cyclotron Laboratory. The method is based on the time of flight between
two beam stoppers 7.65 m apart. Based on two independent
time-of-flight measurements at three different beam energies, the beam analyser magnet is calibrated with an accuracy of 0.12 %, corresponding to a beam energy accuracy
of 0.24 %.

INTRODUCTION

The reaccelerator facility ReA3 [1] at the National Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University is a unique, state-of-the-art superconducting linear accelerator for stable and rare isotope beams.
Rare isotopes, produced at high energy by the NSCL's
Coupled Cyclotron Facility, separated in-flight, and decelerated to low energy using gas stopping technique, can be
reaccelerated by ReA3 to energies ranging from 300 keV/u
to 6 MeV/u. After acceleration in ReA3 the beam is magnetically analysed before being transported to experimental
set-ups connected to three beam lines. In this contribution,
we report on an elegant method to perform an absolute calibration of the magnetic beam analyzer of ReA3. This is a
simpler variation of the technique described in [2]. The
beam, after being analysed is injected into a straight (drift)
beam line where it can be stopped at one of two places
7.65 m apart, with the distance between those known with
an accuracy of better than 1 mm. Gamma rays from reactions between the beam and the stopper are detected by a
single barium fluoride (BaF2) gamma-detector. This detector, with associated cables and electronics, is placed close
to the one or the other of the beam stopper positions and its
signal is correlated (using a time-to-amplitude converter)
with the radiofrequency (RF) electronic signal of the accelerator. With only one detector set-up being used, the time
of flight with respect to the RF reference clock of the accelerator is measured at each position. An accuracy of
0.12 % was demonstrated for the time-of-flight determination between both positions. From this, the energy of ReA3
beams can be determined with an accuracy of 0.24%.

METHOD CONCEPT

In ReA3, the beam is bunched at a frequency of the resonators, i.e. 80.5 MHz. Each accelerated particle of the
___________________________________________
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bunch can produce reactions in the beam stoppers, with
subsequent emission of X-rays and/or gamma rays. As
those reactions are extremely fast, the radiation is correlated with the beam bunches and will have a distribution
revealing the bunch longitudinal elongation only. The
beam is stopped alternatively at two locations, placed
in a straight line 7.65 m apart. The distance between those
two stoppers was measured by laser tracker with an accuracy of 1 mm. In order to have a clear and straight path
between the two beam stoppers, all optical elements between the two positions were turned off. The ReA3 beam
has a sufficiently small emittance to guarantee that the
beam is properly stopped in the 7.6 cm diameter stopper,
not in its neighbourhood.
The time of flight between the two positions is measured
with respect to a common reference: the linac radiofrequency. In this case, the time-of-flight can be written as:
𝑇𝑂𝐹 = 𝑇1 − 𝑇2 + 𝑁. 𝑇

,

(1)

Where TOF is the time of flight between the two beam
stop positions, T1 and T2 are the times between the detected radiation in the upstream and downstream positions
with respect to the radiofrequency of the linac, TRF is the
radiofrequency period, and N is the number of radiofrequency cycles the beam undergoes between the two beam
stop positions. For this technique to work, the beam energy
needs to be known sufficiently well in order to avoid ambiguity due to the number N of RF time periods between
the two stopper locations. In ReA3, the “approximate energy” is given by the measured magnetic rigidity of the
beam in the first dipole magnet after the accelerator using
its geometric radius and measured magnetic field. The goal
of the time-of-flight technique described here is to achieve
a much better accuracy of the magnetic rigidity, providing
a correction to the calculated value.
As the BaF2 detector is placed outside the vacuum pipe
of the beam line and moved between positions 1 and 2, the
whole detection chain is the same in both positions. Therefore, no correction due to cable lengths or electronics is
needed and, as a consequence, all associated systematic errors are automatically eliminated.

DETECTION AND ELECTRONICS
The gamma rays produced by reactions of the beam particles and the stoppers were detected by a single BaF2 detector, placed alternatively in front of each stopper. The rise
time observed for the gamma signals were of the order of
2 ns. The output of the photomultiplier coupled to the barium fluoride (BaF2) detector was connected to a constant
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PROPOSE A NON-DESTRUCTIVE STERN-GERLACH APPARATUS FOR
MEASURING SPIN POLARIZATION OF ELECTRON BEAM
Wei Liu, Erdong Wang
Brookhaven National Laboratory, Upton, NY 11973, USA
Abstract

𝜕𝐵

Mott polarimeter is used for measuring the spin polarization of <10 MeV electron beam destructively. We propose a nondestructive spin polarization measurement device
for electron beam based on Stern-Gerlach effect, which include a magnetic quadrupole, Lorenz force compensated
electric quadrupole and Beam position monitor. The magnetic quadrupole provides a spin-magnetic interaction force
(or Stern-Gerlach force) for the spin polarized electrons. The
electric quadrupole provides an electric field force for electrons to offset the Lorentz force induced by the magnetic
quadrupole. So that the polarized electron beam only experience the gradient force in the device, which has ability to
split the spin polarized electron beam. By measuring the
split spin polarized electrons using high resolution beam
position monitor, the polarization of electron beam can be
calculated. We will present the theoretical analysis and calculation of electron motion in this device.

INTRODUCTION
Measuring the spin polarization of electron beam is important for the use of polarized electron beam in nuclear
and high energy physics experiments. All electron beam
polarimeters developed to date rely on the spin dependence
in one of three electron scattering processes: Mott, Compton, or Møller scattering [1]. In which, Mott polarimeter is
used for measuring the spin polarization of electrons beam
with energy lower than 10 MeV. Mott polarimeter need extract electrons from the beam line and let them scatter with
targets, and thus the electron beam was destructive. Here,
we propose a new spin polarization measurement apparatus
based on Stern-Gerlach (SG) effect, which is nondestructive
to the electron beam. The apparatus includes a magnetic
quadrupole, Lorentz force compensated electric quadrupole
and beam position monitor.
The magnetic quadrupole is used to produce a nonuniform
magnetic field with a constant field gradient in any direction.
When a transverse spin polarized electron beam propagating in the nonuniform magnetic field, the spin-magnetic
interaction would introduce a nonuniform spin precession
of electrons, which arises a space geometrical variant in
the transverse plane [2, 3]. This space geometrical variant,
measured by the high resolution beam position monitor, can
be used to estimated the polarization of electron beam.

STERN-GERLACH EFFECT IN
MAGNETIC QUADRUPOLE
The magnetic quadrupole provide a constant magnetic
field gradient in any direction and can be given by

𝜕𝐵

𝑦
𝑥
𝐾𝐵 = 𝜕𝐵
𝜕𝑟 = 𝜕𝑥 = 𝜕𝑦 , which can be up to 600 T/m [4].
When a transverse spin polarized electron beam propagating
in the longitudinal direction of the magnetic quadrupole,
the Lorentz force and Stern-Gerlach (SG) force vectors of
electrons in the quadrupole are shown in Figure 1. The
Lorentz force vectors are indicated by blue solid arrows.
The SG force vectors, for beam polarized along the 𝑦 𝑎𝑥𝑖𝑠,
are indicated by red hollow arrows. The Stern-Gerlach (SG)
deflection is horizontal (along the 𝑥 𝑎𝑥𝑖𝑠) in this case.

𝑦

𝜇

N
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𝐵
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Figure 1: Field and force vectors of electrons in a magnetic
quadrupole. The magnetic field vectors are indicated by
black solid arrows. The Lorentz force vectors are indcated
by blue solid arrows. The Stern-Gerlach force vectors, for
beam polarized along the 𝑦 𝑎𝑥𝑖𝑠, are indicated by red hollow
arrows.
The SG force is given by [5]
⃗ = −∇𝑈 = 𝜇
𝐹𝑆𝐺

𝜕𝐵𝑦
𝑛 ̂ = 𝜇𝐾𝐵 𝑛𝑥̂
𝜕𝑥 𝑥

(1)

where 𝑈 = −𝜇⃗ ⋅ 𝐵⃗ is the potential energy of electron in the
magnetic field, and 𝜇⃗ = 12 𝑔𝜇𝐵 𝑛𝑦̂ is the electron magnetic
moment, with 𝜇𝐵 = 𝑒ℏ/2𝑚 is the Bohr magneton, 𝑔 ≈ 2 is
the 𝑔 factor for electron.
However, electrons will also experience the Lorentz force,
which gives a contribution to the motion in 𝑥 direction and
compete with the motion induced by SG force. The Lorentz
force of electrons at location 𝑥 is given by
⃗
𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧
=𝑒
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𝑝𝐾 𝑥
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INTERFEROMETRIC MEASUREMENT OF BUNCH LENGTH OF A 3 MeV
PICOCOULOMB ELECTRON BEAM*

X. Yang†, L. Yu, V. Smaluk, T. Shaftan, L. Doom, B. Kosciuk, W. Cheng, B. Bacha, D. Padrazo,
J. Li, M. Babzien, M. Fedurin, C. Swinson, G. L. Carr, Y. M. Zhu, Brookhaven National Laboratory,
Upton, NY 11973, USA

Abstract

We report the bunch length measurement of low-energy
3 MeV electron beams in picosecond regime with the
charge from 1.0 to 14 pC. It is the first time that we demonstrate single-cycle nano-joule coherent terahertz (THz) radiation from 3 MeV electron beam can be measured via a
far-infrared Michelson interferometer using a QOD. At this
low energy range, when charge is about 1 pC, the signal
from the conventional helium-cooled silicon composite bolometer is too low. Compared to the bunch length measurement via the ultrafast-laser-pump and electron-beam-probe
in the timescale 10-14 to 10-12 s which is determined by the
phase-transition dynamics in solids, the advantages are:
there are no needs of pump laser and probe sample, greatly
simplifying the experiment; the timing jitter between laser
and electron beams contributes no error to the bunch length
measurement; furthermore, the method can be extended to
sub-picosecond regime enabling bunch length measurement in a much broader timescale 10-14 to 10-11 s for lowenergy electron beams. In the current experiment the bunch
length is limited to 1 ps only because the setup of driving
laser to cathode with a large 70° incident angle, effectively
lengthening the laser pulse to ≥1 ps.

INTRODUCTION

In recent years, there has been a growing interest in developing a single-shot mega-electron-volt ultrafast-electron-diffraction (UED) system. UED takes advantage of
the strong interaction between electrons and matter and
minimizes space charge problems [1-6]. Much finer structural details can be resolved compared to X-rays due to the
1000-fold shorter wavelength of electrons. Single-shot
UED enables us to see how atoms in molecules move and
allows us to make molecular movies of ultrafast chemical
reactions. 3 MeV electron bunches with charges up to 14 pC
(0.9·108 electrons) focused to 75 μm beam size using a
broadly tunable transverse focusing system have been
demonstrated at Brookhaven National Laboratory (BNL)
[7]. This tunable system used electromagnetic quadrupole
lenses to significantly improve ultrafast electron diffraction and imaging instrumentation, achieving an electron
beam intensity several orders of magnitude higher than current technology (~104-105 electrons) [8-12].
To characterize the brightness of an electron beam in 6D
phase space, we need a complete set of diagnostics tools
___________________________________________
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measuring the transverse beam size and divergence, longitudinal bunch length and energy spread. The space charge
effects lead to the bunch lengthening with the charge.
Therefore, bunch length measurement is critical to understand the space charge effect.

MEASUREMENT TECHNIQUE
Several techniques have been developed to measure the
bunch length of low-energy and low-charge electron
beams. Recently, bunch length measurements using the ultrafast-laser-pump and electron-beam-probe in the timescale of 10-14 to 10-12 s have been reported [8,13,14]. We
measured the bunch length of a 3 MeV picocoulomb electron beam using a far-infrared Michelson interferometer
and a QOD [15]. The signal-to-noise ratio (SNR) of the
QOD in the THz frequency range is thirty-times higher
compared to the conventional bolometer. The measured
bunch length in recent experiment is in the range of a few
picoseconds.
The advantages of using the interferometer compared to
the pump and probe method are:
• The experimental setup is greatly simplified because
there is no need for a pump laser and a probe sample.
• The timing jitter between the laser and electron beams
contributes no error to the bunch length measurement.
• The method can be easily extended to sub-picosecond
regime enabling the bunch length measurement in a much
broader timescale from 10-14 to 10-11 s for low-energy lowcharge electron beams.
The electron bunch length in our experiment was larger
than 1 ps due to the effective length of the laser pulse. The
incident angle of the drive laser pulse is 70° to the photocathode causing different parts of the wave-front to arrive
at the photocathode at different times. This makes the electron bunch longer than the laser pulse. This effect can be
corrected by compensation optics which have not been implemented at the Accelerator Test Facility II (ATF-II) at
BNL. The electron bunch length can be varied by changing
the laser spot size on the photocathode. Details will be described later in the paper.

EXPERIMENTAL RESULTS
The bunch length measurement presented in this paper was
developed at the ATF-II at BNL. The schematic diagram is
shown in Fig. 1. A frequency tripled Ti:sapphire laser pulse
at 265 nm is sent to the copper photocathode to produce
photoelectrons. The electron beam interacting with an aluminum (Al) target shown in Fig. 1 generates a single-cycle
sub-nanojoule coherent THz pulse. The charge of a 3 MeV
electron beam can be varied from 1 to 14 pC by changing
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RADIATION ROBUST RF GAS BEAM DETECTOR R&D FOR
INTENSITY FRONTIER EXPERIMENTS
K. Yonehara†, A. Moretti, Fermi National Accelerator Lab, Batavia, USA
M. A. Cummings, R. P. Johnson1, G. M. Kazakevich, Muons Inc, Batavia, USA

Abstract
A novel gas-filled RF beam detector is proposed that is
simple and robust in high-radiation environments for future intense neutrino beam experiments. The recent result
of the beam test shows a linearity of a RF test detector as a
function of beam intensity.

INTRODUCTION

Fermilab is the hub institution for future intense neutrino
beam experiments by using a MW-class proton driver,
those facilities are called the Proton Improvement Plan II
(PIP-II) [1], the Neutrino at the Main Injector (NuMI) facility [2], and the Long Baseline Neutrino Facility (LBNF)
[3]. A new type of rad-hard beam monitor is needed which
is located downstream of a pion-production target to align
the beam with target, horns, and a far detector which is located 1,300 km away from the target in the LBNF. The
beam monitor will also be used to diagnose deterioration
of the target, so the monitor should have good linearity. We
were supported by the Small Business Technology Transfer
(STTR) grant to build a novel gas-filled RF beam detector
and test its concept by using a 120 GeV/c proton beam at
the Main Injector (MI) abort line [4].
All materials that have radiation sensitivity, such as ordinary coaxial cables and solid-state electronics, are placed
outside of the high radiation environment. The only parts
in the high radiation areas are made of aluminum, which is
used to make the RF cavity body and wave guides. The
cavity body is designed to be pressurized up to 2 atm. The
MI beam tests were carried out in 2019. We found that the
detector received integrated more than 2e15 protons without any gain change. The beam studies have demonstrated
that we will not need pressurized gas to control plasma dynamics as was done in earlier Mucool Test Area (MTA) experiments [5]. Another demonstrated feature of the RF detector is that the RF signal can be calibrated without a beam
calibration run. If the shunt impedance 𝑅 is known, the RF
power consumption is estimated with a simple 𝑉 ⁄2𝑅 formula.
This short document shows the highlight of beam experiments during the STTR studies, evaluates the monitor performance, and discusses possible improvements for a future neutrino facility.

CONCEPT OF RF BEAM DETECTOR

When a charged beam passes through a gas-filled RF
resonator it produces a large amount of ion pairs by interacting with gas. The gas permittivity in the resonator is
____________________________________________
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changed proportional to the number of incident charged
particles. The imaginary part of permittivity is RF power
consumption in the gas plasma. The power consumption
per single ion pair is given,
⁄
𝑑𝑤 = 2𝑒
𝑝 𝜇 + 𝑝 𝜇 + 𝜇 𝐸 𝑠𝑖𝑛 𝜔𝑡) 𝑑𝑡, (1)
±
where 𝜇 and 𝜇 are the mobilities of electrons and positive (negative) ions in a gas, which is a function of 𝑋 𝑡) =
𝐸 𝑡)⁄𝑃 = 𝐸 ⁄𝑃 𝑠𝑖𝑛 𝜔𝑡), where 𝑃 is a gas pressure, 𝐸 𝑡)
is a RF gradient and 𝜔 is a driving angular-frequency. In
the present setup, 𝐸 ⁄𝑃 is chosen to have a constant mobility when the beam is turned on and the RF amplitude
reaches to an equilibrium condition. The coefficient 𝑝 and
𝑝 are the relative populations of the electrons and negative ions, respectively (𝑝 + 𝑝 = 1). A charge recombination and electron capture processes are varied by a plasma
temperature. Thus, the relative population is varied by 𝑋 𝑡)
and gas species.
On the other hand, the plasma consumption is given a
power equation with a RF equivalent circuit,
)
𝑝
=
− 𝐶𝑉 ,
(2)
where 𝑅 and 𝐶 are a shunt impedance and capacitance of
the RF cavity, respectively. The first term in the right hand
side is the power gain from the RF source while the second
one is the stored RF power in the cavity. At the equilibrium
condition (𝑑𝑉⁄𝑑𝑡 = 0), the plasma consumption power is
equal to the RF power gain from the RF source.
The total number of ion pairs in the cavity can be proportional to the RF power consumption 𝑝 ,
𝑛

∝

,

(3)

where 𝑔 is the correction factor for the electric field variation over the plasma distribution. For simplicity, we assume that the beam is a zero spot size and hits on the peak
gradient, thus 𝑔 is unit in this analysis. The amount 𝑛
is proportional to the number of incident particles in the RF
detector. Please note that we estimated the absolute value
in the past MTA experiments by using various
of 𝑛
beam detectors. To validate the concept of beam detection
in the RF detector, our present setup is sufficient.

EXPERIMENT AND RESULT
Figure 1 shows the Aluminum RF test detector. It is a 2.4
GHz resonator pillbox (cylindrical) cavity. The resonator
length is 75 mm. There is an end-cap flange on both ends
of the detector and its center is a 1-mm thick beam window.
The cavity can be pressurized up to 2 atm. An Aluminum
wave guide is attached both sides of the cavity to feed RF
power and extract RF signal. Gas is injected into the RF
test detector through the wave guide. Thus, the wave guide
can be pressurized. A dielectric pressure barrier is located
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LHC OPTICS MEASUREMENT AND CORRECTION
SOFTWARE PROGRESS AND PLANS
F. Carlier, J. Coello, J. Dilly, E. Fol, A. Garcia-Tabares, M. Giovannozzi, M. Hofer, E.H. Maclean,
L. Malina, T.H.B. Persson, P.K. Skowronski, M.L. Spitznagel, R. Tomás∗ ,
A. Wegscheider, J. Wenninger, CERN, 1211 Meyrin, Switzerland
J. Cardona, Y. Rodriguez, Universidad Nacional de Colombia, Bogota, Colombia
Abstract
LHC Optics Measurements and Corrections (OMC) require eﬃcient on-line software applications to acquire and
analyze data and to compute the necessary corrections. During Run 2 various measurement and correction techniques
have been merged to yield unprecedented optics quality, increasing the required number of steps to ﬁnalize the optics
commissioning and the size of the software project. In turn,
this calls for a higher level of automation, with possible implementation of machine learning techniques. During the
Long Shutdown 2 the codes are being largely re-factored to
improve performance, maintainability and extensibility. A
description of the current status of the software and future
plans is given.

Multiturn
BPM
data

Machine
settings

Online Model

Machine
settings

K-Mod

Beta-beat

Timber

Tunes

Python Suite

Java

Python

GUIs
communication

Analysis
input/output

Figure 1: Flow chart of software applications involved in
the optics measurement and corrections.

DESCRIPTION OF THE SOFTWARE
The OMC software aims at enabling accurate and eﬃcient beam-based optics measurements and corrections online. LHC machine safety and performance have been the
main drivers for the software development over more than a
decade [1–27]. The main structural philosophy is to place
the data analysis algorithms in independent Python codes
that can be invoked from a command or from GUIs written
in Java to be compatible with the LHC controls software,
LSA [28]. This structure has allowed to easily adapt analysis
codes to other accelerators [19, 29–38] and to package them
using Docker software for use in other applications [39].
Proﬁting from the Long Shutdown 2 (LS2) between end of
2018 and end of 2020, a thorough review, extension, and
consolidation of software is taking place. Python software is
being migrated to Python 3.6 as Python 2 development will
stop by the end of 2019 and, more importantly, the Python 2
backwards compatibility is already abandoned for new features in scientiﬁc packages such as numpy, scipy, pandas
and matplotlib.
Figure 1 shows a schematic view of the ensemble of the
OMC applications used in the control room. Multiturn is
a Java GUI that controls the transverse beam exciters (AC
dipoles, tune kickers or aperture kickers) and acquires the
turn-by-turn (TbT) Beam Position Monitor (BPM) data. It
automatically executes the Python codes for the ﬁrst analysis
of TbT data, especially to allow for fast coupling correction [40]. Online Model is a set of Java libraries to extract information on the machine settings [13]. TIMBER is the software developed by the CERN Beams Department Controls
∗

group to log and access time-series data [41]. Beta-beat and
K-mod represent the two core applications to measure and
correct optics from TbT data and from quadrupole strength
modulations. The Beta-beat GUI written in Java executes
appropriate Python codes for analysis and provides interactive view of the results. Optionally, it performs additional
data cleaning and submits corrections to the hardware. The
K-mod GUI [25], written in Java, modulates quadrupole
strengths and records tune data, which are later automatically analysed by Python suite. The Beta-beat GUI imports
results from the k-modulation analysis to be included in the
optics corrections calculations.
The ﬂow chart within the Python 3 suite corresponding to
data analysis and optics calculations is shown in Fig. 2. The
TbT data in binary SDDS format [42] is ﬁrst cleaned. This

TbT data
Binary SDDS
or ASCII

linx/y files
TFS

Cleaning,
resync, SVD
Harmonic
analysis

DPP,
calibration,
Optics
measurements

NO

--harpy
YES

Bad BPMs
.txt

(Full) spectra
TFS

--optics
YES

linx/y files
TFS

linx/y files
TFS

Figure 2: Flow chart of the Python 3 suite for harmonic analysis of TbT data and calculation of the optical parameters.
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FLUORESCENCE-BASED IMAGING DIAGNOSTIC FOR HIGH AVERAGE
POWER DEUTERON BEAM*
R. A. Marsh†, S. G. Anderson, D. J. Gibson, J. M. Hall, B. Rusnak, Lawrence Livermore National
Laboratory, Livermore, USA
Abstract

Beam Dynamics Modeling

Lawrence Livermore National Laboratory is developing an
intense, high-brightness fast neutron source to create submillimeter-scale resolution neutron radiographs and images. An intense source (1011 n/s/sr at 0 degrees) of fast
neutrons (10 MeV) will be produced using a pulsed 7 MeV,
300 micro Amp average-current commercial deuteron accelerator producing a small (1.5 mm diameter) beam spot
size to achieve high resolution. The high average power
beam is a challenge for diagnostics, and a precise full
power emittance measurement is critical to benchmark the
system performance. A fluorescence-based beam profiling
diagnostic has been selected, and this paper presents the
design for the system including chamber layout, light yield
calculations, and imaging system details.

Lattice tuning was accomplished using the PBOLAB
GUI for TRACE3D [5]. The initial baseline tune and expected performance was reported in [6]. Minor improvements in the final tune performance based on external constraints such as filling the beam pipe aperture fully (right
to the accepted limit of beam scraping for example) and
more detailed calculations continue to update as magnets
and subsystems are installed and characterized [7]. Figure
1 shows the current final focus tune. A tighter final focus
has been achieved than reported in [6] by fully filling the
center quadrupole of the final focus triplet. A beam spot of
1.4 mm diameter has been achieved and will rely on controlled fine tuning of the magnetic field using LabView
controls, current supplies, and calibrated Gauss probe
measurements.
The last quadrupole triplet magnet will be used for an
emittance measurement via quadrupole scan, with simulated results shown in Fig. 2. This method will require fitting of the Twiss parameters including space charge effects
to a measurement of beam width as a function of quadrupole field strength.

INTRODUCTION
Fast neutrons are highly effective for producing radiographic images with sub-millimeter resolution in objects
with areal densities greater than ∼100 g/cm2 [1]. LLNL is
developing fast neutron imaging as an advanced, compact,
non-destructive evaluation technique for dense objects [2].
A significant effort is underway at LLNL to complete the
construction and installation of the accelerators, beam-line,
target, and imaging systems needed to demonstrate a compact lab-scale intense fast neutron source suitable for advancing fast neutron imaging of dense, thick objects that
are inaccessible to X-rays for non-destructive evaluation
[3,4]. The neutron imaging beam will be produced using a
high pressure deuterium gas target [3,4]. The high average
power of the moderate energy deuteron beam means that
any intercepting diagnostic will be subjected to kW average power levels and requires careful engineering of beam
dumps to survive the power deposition.
Diagnostics are critical to monitor and control the beam
transport, and the quality of the beam, including an accurate measurement of the emittance at full operating parameters, will serve to benchmark the ultimate neutron performance of the machine for imaging applications. The emittance has been measured out of the ion source, and beam
modeling confirms consistency with overall design simulations. The initial beam parameters have been used as inputs into transport modeling. Confirmation of these initial
parameters, or modification after measurements will enable finer tuning of magnet settings and end-to-end simulations of the beam.

Figure 1: TRACE3D output for final focus.
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Figure 2: Quadrupole scan simulation X and Y transverse
width as a function of final quadrupole magnet field
strength.
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UPDATE ON THE JLEIC ELECTRON COLLIDER RING DESIGN*
F. Lin†, V.S. Morozov, Y. Zhang, Jefferson Lab, Newport News, VA 23606, USA
Y. Cai, Y.M. Nosochkov, SLAC National Accelerator Laboratory, Menlo Park, CA USA

Abstract
The design concept of electron collider ring in the Jefferson Lab Electron-Ion Collider (JLEIC) is based on a
small beam size at the interaction point (IP) to boost the
luminosity. With a chosen beta-star at the IP, electron beam
size is determined by the equilibrium emittance obtained
from the linear optics design. In this paper, we present an
update on the lattice design of the electron ring considering
not only preservation of low beam emittance, but also optimization of geometric arrangement. In particular, recent
development of the lattice design has been focused on incorporating the vertical dogleg, which brings the electron
beam to the ion beam plane for collisions, in the spin rotator design. The vertical dogleg is designed with no horizontal emittance growth, controlled vertical emittance and
no first-order effect on the electron polarization.

INTRODUCTION

The electron collider ring in the JLEIC [1] is designed
for electron beams with a small beam size to collide with
ion beams at the IP to reach a high luminosity. Such a small
beam size is achieved by an aggressively small beta-star
and small emittance, which both are determined by the linear optics. Small beta-star is obtained from a design with a
few of final focusing quadrupoles (FFQs) in the IP region
locally, while small equilibrium emittance is related to the
linear optics design globally. In addition to reaching the
desired beam parameters, a compact electron collider ring
design is favorable as it is most cost effective and guaranteed to fit in the Jefferson Lab site, while the size and dimension of the ring should be sufficiently large to accommodate all machine components. The major components
include spin rotator, interaction region, injection, RF system, electron polarimeter, etc. Hence, the linear optics design of the electron collider ring considers a balance between machine performance and geometry.

OPTICS DESIGN

To reduce project costs, PEP-II High Energy Ring
(HER) magnets [2] are considered to be reused in the
JLEIC electron collider ring. Specifically, these magnets
are mainly operated in both arcs and straights within their
magnet specification. The lattice is a FODO lattice in both
arcs and straights. Machine sections with special functions,
such as spin rotator and detector region, are designed as
modules and inserted into the lattice with proper optics
matching.
___________________________________________
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The normal arc FODO cell is 15.2-m long, with two
PEP-II 5.4-m long normal conducting dipole magnets. The
filling factor is 71%. The dipole has a field of 0.363 T at
the 12 GeV electron beam energy, with a bending angle of
2.81 resulting in a sagitta of 3.3 cm. This sagitta is about
1 cm larger than the PEP-II dipole sagitta of 2.2 cm, but it
is still within the dipole good field region of 5 cm. Optics,
shown in Fig. 1, has reused PEP-II quadrupole strengths
within their specifications below 17 T/m [2]. Each quadrupole is followed by a sextupole for chromaticity compensation and a focusing-plane corrector and BPM for closed
orbit measurement and correction.
Due to the natural synchrotron radiation effect, the
electron beam in a storage ring reaches an equilibrium
emittance that is primarily determined by the linear optics
design. In the JLEIC electron collider ring, two arcs, consisting of regular FODO cells, spin rotators and matching
sections between them, contribute up to 94% of the natural
horizontal emittance. The phase advance of a regular arc
FODO cell is chosen to be 108, close to 137 that gives the
minimum emittance for an FODO cell optics [3]. Such a
phase advance creates a 3 phase advance between sextupoles every 5 cells so that the sextupole induced geometric
resonance driving terms can be cancelled.

Figure 1: Electron collider ring arc FODO optics.
The spin rotator is designed with interleaved solenoids
and dipoles, quadrupoles in between for the optics, to rotate
the electron polarization between the vertical (in arcs) and
longitudinal (at IP) directions in the whole energy range of
3 to 12 GeV [4, 5, 6]. Spin rotator is part of the arc optics,
providing a horizontal bending angle of 13.2. In addition
to the spin manipulation, the spin rotator is also designed
to transport the electron beam, through a vertical-dogleg
design, from the electron collider ring plane to the ion collider ring plane for collisions at the IP. The advantages of
doing this are twofold. First, the dipole fields used to
transport the electron beam are much weaker than those
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EXPERIMENTAL VERIFICATION OF TRANSPARENT SPIN MODE IN
RHIC*
V.S. Morozov†, Ya.S. Derbenev, F. Lin, Y. Zhang, Jefferson Lab, Newport News, VA, USA
P. Adams, H. Huang, F. Meot, V. Ptitsyn, W. Schmidke, BNL, Upton, NY, USA
A.M. Kondratenko, M.A. Kondratenko, Sci. & Tech. Laboratory Zaryad, Novosibirsk, Russia
Yu.N. Filatov, MIPT, Dolgoprudny, Moscow Region, Russia
H. Huang, Old Dominion University, Norfolk, VA, USA
Abstract
High electron and ion polarizations are some of the key
design requirements of a future Electron Ion Collider
(EIC). The transparent spin mode, a concept inspired by
the figure 8 ring design of JLEIC, is a novel technique for
preservation and control of electron and ion spin polarizations in a collider or storage ring. It makes the ring lattice
“invisible” to the spin and allows for polarization control
by small quasi-static magnetic fields with practically no effect on the beam’s orbital characteristics. It offers unique
opportunities for polarization maintenance and control in
Jefferson Lab’s JLEIC and in BNL’s eRHIC. The transparent spin mode has been demonstrated in simulations and
we now plan to test it experimentally. We present a design
of an experiment using a polarized proton beam stored in
one of the RHIC rings. In the experiment, one of the RHIC
rings is configured in the transparent spin mode by aligning
the axes of its two Siberian snakes. The experiment goals,
procedures, hardware requirements and expected results
are presented.

INTRODUCTION
A particle moving on a closed orbit in a ring has a unique
“distinct” periodic spin precession axis 𝑛𝑛�⃗ [1] except when
it is in an integer spin resonance. In an integer spin resonance, the direction of the periodic spin precession axis 𝑛𝑛�⃗
is degenerate. Any spin direction repeats after a particle
turn, i.e., the collider becomes “transparent” to the spin.
Thus, rings can operate in two polarized beam modes,
namely, “Distinct Spin” (DS) mode and “Transparent
Spin” (TS) mode. In the DS mode, the periodic spin motion
along the closed orbit is unique, i.e. the static magnetic lattice determines a single stable orientation of the beam polarization. In the TS mode, the spin direction is stabilized
by introducing small-integral static magnetic fields [2].
Polarized rings has traditionally operated in the DS
mode [3]. In general, the difficulties with preserving the
ion beam polarization are associated with crossing of spin
resonances [4]. In a conventional ring without spin control
devices, the stable polarization is vertical and the spin tune
is proportional to energy that unavoidably leads to crossing
of spin resonances. Polarization can be preserved in the DS
and TS modes using Siberian snakes [5] by stabilizing the
___________________________________________
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spin tune in the whole energy range at 𝜈𝜈 = 1/2 in the DS
mode and at 𝜈𝜈 = 0 in the TS mode. The energy independence of the spin tune eliminates crossing of spin resonances
during beam acceleration. However, at medium energies,
solenoidal snakes are not sufficiently efficient while transverse-field snakes cause a large orbit excursion and strong
focusing. Moreover, full Siberian snakes are not practical
for deuterons due to their small anomalous magnetic moment.
An elegant solution for acceleration of any polarized
ions including deuterons is to use a figure-8-shaped accelerator operating in the TS mode [6]. The spin tune of an
ideal figure-8 accelerator is zero for any beam energy, i.e.
the particles are in the region of an integer spin resonance.
To stabilize the polarization direction, instead of strong
snake fields, it is now sufficient to introduce a weak field
to overcome the effect of the integer spin resonance
strength. For example, a longitudinal field integral of about
1 T ⋅ m is sufficient to preserve the polarizations of both
protons and deuterons during accelerator to 100 GeV [7].
To stabilize the spin tune during acceleration, the solenoid
field should change proportionally to the beam momentum.
The main difference between the DS and TS modes is in
how the polarization direction is manipulated in each of the
two modes. Polarization control in the DS mode is done
locally (in a detector) using high-field-integral spin rotators, which affect the orbital motion. In the TS mode, stabilization of the desired spin direction at any orbital location for particles of any kind is done using small-integral
quasi-static magnetic fields. This provides a lot of flexibility when designing injection, polarimetry and spin-flipping
systems.
For polarization stability in the TS mode, the spin tune
induced by the weak control fields must significantly exceed the resonance strength, which consists of two parts: a
coherent part 𝜔𝜔𝑐𝑐𝑐𝑐ℎ arising due to spin perturbing transverse
and longitudinal fields on the distorted closed orbit and an
incoherent part 𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 associated with the beam emittances. In practice, the coherent part significantly exceeds
the incoherent one: 𝜔𝜔𝑐𝑐𝑐𝑐ℎ ≫ 𝜔𝜔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 [8].
The TS concept along with some of its benefits can be
extended to a racetrack ring by setting its spin tune to zero.
This can be done using a couple of symmetrically located
identical Siberian snakes.

TS MODE IN JLEIC
A natural example of a collider transparent to the spin is
the proposed Jefferson Lab Electron Ion Collider (JLEIC)

WEPGW122
2783

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPGW123

FULL ACCEPTANCE INTERACTION REGION DESIGN OF JLEIC*
V.S. Morozov†, R. Ent, Y. Furletova, F. Lin, T. Michalski, R. Rajput-Ghoshal, M. Wiseman,
R. Yoshida, Y. Zhang, Jefferson Lab, Newport News, VA, USA
Y. Cai, Y. Nosochkov, M. Sullivan, SLAC, Menlo Park, CA, USA
G.-L. Sabbi, LBNL, Berkeley, CA, USA
Abstract
Nuclear physics experiments envisioned at a proposed
future Electron-Ion Collider (EIC) require high luminosity
of 1033-1034 cm-2s-1 and a full-acceptance detector capable
of reconstruction of a whole electron-ion collision event.
Due to a large asymmetry in the electron and ion momenta
in an EIC, the particles associated with the initial ion tend
to go at very small angles and have small rigidity offsets
with respect to the initial ion beam. They are detected after
they pass through the apertures of the final focusing quadrupoles. Therefore, the apertures must be sufficiently large
to provide the acceptance required by experiments. In addition, to maximize the luminosity, the final focusing quadrupoles must be placed as close to the interaction point as
possible. A combination of these requirements presents serious detection, optics and engineering design challenges.
We present a design of a full-acceptance interaction region
of Jefferson Lab Electron-Ion Collider (JLEIC). The paper
presents how this design addresses the above requirements
up to an ion momentum of 200 GeV/c. We summarize the
magnet parameters, which are kept consistent with the NbTi superconducting magnet technology.

solenoidal field. The particles associated with the initialstate ion, however, tend to be nearly collinear with the ionbeam direction. Collider detectors in the past have had rather small acceptance for these particles.
The main requirements on an EIC interaction region (IR)
design are:
1. Close to 100% acceptance for all three classes of particles,
2. High luminosity of 1033-1034 cm-2s-1, in the entire center-of-mass energy range of 20 to 100 GeV,
3. Use of conventional technologies as much as possible.

INTRODUCTION
The basic process at the EIC, deep inelastic scattering, is
illustrated in Fig. 1. An ion, composed of nucleons, in turn
composed of partons (quarks and gluons), moves to the
right and collides with an electron moving to the left. The
electron interacts with a parton within the ion in a hard collision and excites the ion to a state with high invariant
mass. We can, qualitatively, define three classes of particles
in the final state:
1. The scattered electron,
2. Particles associated with the initial state ion, and
3. Particles associated with the struck parton.
All three classes of final-state particles carry information
about the inner structure of the ions in the collisions and
allow one to investigate the quark-gluon structure of the
nucleons and nuclei.
We define the concept of a total acceptance detector as
one that achieves close to 100% acceptance for all three
classes of particles. The final state electron and the particles associated with the struck parton are scattered at relatively high angles with respect to be beam direction and
can be detected in a conventional collider detector using a
___________________________________________

* This material is based upon work supported by the U.S. DoE under
Contracts No. DE-AC05-06OR23177, DE-AC02-76SF00515, and
DE-AC03-76SF00098.
† morozov@jlab.org
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Figure 1: Classification of the final-state particles of a
Deep Inelastic Scattering (DIS) process at the EIC: (1)
scattered electron, (2) the particles associated with the initial state ion, and (3) the struck parton.

JLEIC FULL-ACCEPTANCE DETECTOR
Assuming constant chromatic contributions of the final
focusing blocks, the luminosity at the interaction point (IP)
is (to first order) inversely proportional to the distance between the last upstream and first downstream final focusing quads. However, the closer the beam elements are to
the IP, the more they restrict the size of the detector and
compromise the measurements. In Jefferson Lab ElectronIon Collider (JLEIC) [1], the solution to achieve the necessary high luminosity while maintaining a full acceptance
detector is twofold. We first introduce an angle between
the colliding beams to separate the collision products moving along the ion beam from the incoming electron beam.
We then let the small-angle particles pass through the apertures of the nearest machine elements, which perform the
function of angle and momentum analyzer for those particles as illustrated in Fig. 2.
We have chosen a crossing angle of 50 mrad between the
electron and ion beams. It enables the necessary forward
acceptance and provides sufficient space for placement of
the electron and ion final focusing quadrupoles (FFQs).
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SPIN RESPONSE FUNCTION FOR
SPIN TRANSPARENCY MODE OF RHIC ∗
A. M. Kondratenko, M. A. Kondratenko, STL “Zaryad”, Novosibirsk, Russia
Yu. N. Filatov, MIPT, Dolgoprudniy, Moscow Region
Ya. S. Derbenev, F. Lin, V. S. Morozov, Y. Zhang, Jefferson Lab, Newport News, VA, USA
P. Adams, H. Huang, F. Meot, V. Ptitsyn, W. Schmidke, BNL, Upton, NY, USA
H. Huang, Old Dominion University, Norfolk, VA, USA
Abstract
In the Spin Transparency (ST) mode of RHIC, the axes of
its Siberian snakes are parallel. The spin tune in the ST mode
is zero and the spin motion becomes degenerate: any spin
direction repeats every particle turn. In contrast, the lattice of
a conventional collider determines a unique stable periodic
spin direction, so that the collider operates in the Preferred
Spin (PS) mode. Contributions of perturbing magnetic fields
to the spin resonance strengths in the PS mode are usually
calculated using the spin response function. However, in
that form, it is not applicable in the ST mode. This paper
presents a response function formalism expanded for the
ST mode of operation of conventional colliders with two
identical Siberian snakes in the highly-relativistic limit. We
present calculations of the spin response function for RHIC
in the ST mode.

INTRODUCTION
An experimental test of a new polarization control mode,
the Spin Transparency (ST) mode, is planned in RHIC [1].
RHIC is a collider with two helical Syberian snakes. Its spin
tune is determined by the angle 𝜑 between the snake axes
and the stable polarization is vertical in the collider’s arcs:

This is a preprint — the final version is published with IOP

𝜈 = 𝜑/𝜋,

𝑛𝑎𝑟𝑐
⃗ = ±𝑒𝑦⃗ .

Thus, the spin tune equals one half (RHIC’s regular PS
mode of operation) if the angle between the snake axes is
𝜋/2. To convert RHIC to the ST mode, when the spin tune
is zero, the angle between the snake axes must be set to zero,
i.e. the snakes must be identical. From the spin dynamics
point of view, RHIC then becomes equivalent to a figure-8
collider [2]. While geometrically obviously still different,
the two kinds of rings have identical topologies of the spin
motion. The two snakes located opposite to each other in a
circular ring divide the ring into two 180∘ arcs. Due to the
action of the snakes, the spin sees opposite fields in the two
arcs in exactly the same way as it happens in a figure-8 ring.
JINR (Dubna, Russia) develops the NICA collider project
with two solenoidal snakes set in the ST mode [3].
The ST mode of a ring removes the integral effect of the
whole ring lattice on the spin. In an ideal case, any spin direction on the closed design orbit of a spin transparent ring
∗

Work supported in part by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics under Contract No. DE-AC0506OR23177 and by Brookhaven Science Associates, LLC under Contract
No. DE-AC02-98CH10886 with the U.S. Department of Energy.

MC1: Circular and Linear Colliders
A19 Electron-Hadron Colliders

is periodic. In a realistic case, the spin dynamics is governed
by lattice imperfections such as dipole roll and quadrupole
misalignments. The spin effect of such imperfections is typically small. However, it breaks the degeneracy of a perfectly
spin transparent ring. To regain control of the spin motion,
one must introduce relatively weak magnetic elements into
the ring whose spin effect is still relatively small but is much
greater than the spin effect of the imperfections. To determine the required magnetic field integrals of the spin control
elements, one must be able to accurately estimate the expected effect of imperfections, which can be characterized
by an average spin field, or a zero-integer spin resonance
strength (an absolute value of the average spin field).
The resonance strength can be most conveniently calculated using a periodic spin response function [4, 5]. The
response function is a spin Green’s function describing the
effect of a 𝛿-function-like magnetic field perturbation on the
spin at a certain location in the ring. It takes into account
the spin effect of the whole ring in response to a local field
perturbation. The response function describes the spin effect
in the linear approximation and can be calculated using the
ring’s linear optics. The total effect of the ring imperfections in terms of the spin resonance strength can be obtained
by integrating the spin effects of all imperfections around
the ring using the response function. This can be done in a
statistical sense [6]. A generalized spin response function
has earlier been derived for a ring with a preferred spin orientation [7]. However, that formalism has been developed
under the assumption of a non-resonant case with an existing
unique stable spin direction and is not directly applicable
to a resonant case without a preferred spin direction such
as the ST mode. In this paper, we present spin response
formalism for RHIC with two identical Siberian snakes at
opposite locations.

ST MODE SPIN REFERENCE FRAME
We introduce a system of spin unit vectors 𝑒𝑖𝑠⃗ to describe
the spin motion. The spin reference frame is periodic in the
lab frame and threfore in the accelerator frame because any
spin direction in the ST mode repeats itself every particle
turn. The choice of the spin unit vectors is arbitrary: for
example, it is convenient to align them with the accelerator
unit vectors {𝑒𝑥⃗ , 𝑒𝑦⃗ , 𝑒𝑧⃗ } at the observation point. The spin
unit vectors 𝑒𝑖𝑠⃗ are then oriented in the detector along the
radial, vertical, and longitudinal directions, respectively. In
the spin reference frame, changes in the spin components
WEPGW124
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THE EFFECT OF THE SLED INSTALLATION ON EXTRACTED AND
LOST BEAM AT THE AUSTRALIAN SYNCHROTRON LINAC
P. J. Giansiracusa∗ , T. G. Lucas, M. Volpi, R. P. Rassool,
The University of Melbourne, School of Physics, Melbourne, Australia
M. P. Lafky, The Australian Synchrotron ANSTO, Clayton, Australia
M. J. Boland, Canadian Light Source and Department of Physics and Engineering Physics,
University of Saskatchewan, Canada

Abstract

A recent upgrade to the high power RF network of the
linac at the Australian Synchrotron (AS) included a SLED
Type 1 Pulse Compressor which has allowed for the operation of the 100 MeV linac using a single klystron. We
explore the effects of the SLED installation on the properties
of the beam extracted from the linac with a particular focus
on the energy spread and bunch train profile. Additionally,
the optical fibre beam loss monitor (oBLM), also recently
commissioned, was employed to provide shot-by-shot feedback on loss location and intensity to investigate the change
in beam losses.

INTRODUCTION

A Stanford linac energy doubler (SLED) Type 1 Pulse
Compressor (PC) was recently installed on the 3 GHz radio
frequency (RF) power distribution network of the Australian
Synchrotron (AS) [1]. The 3 GHz RF network powers the
linac, the first stage of the AS injection system, which produces a 100 MeV electron beam. The beam is further accelerated by the booster synchrotron to 3 GeV for full energy
injection into the storage ring. Prior to the installation of the
SLED two klystrons were required to power the RF network.
A failure of either klystron would prevent operation of the
linac and block injection. With the installation of the SLED,
the RF network can now be powered using a single klystron
thereby mitigating the risk of single point failure.
The inclusion of the SLED changes the structure of the
RF pulse delivered by the RF network to the accelerating
structures, and consequently alters the beam produced. Here
we investigate the effect on the beam by measuring the energy
spread and bunch-train profile following extraction from the
linac, with and without the use of the SLED. Additionally,
the effect of the SLED on beam losses is explored with the
use of the optical fibre beam loss monitor (oBLM), also
recently commissioned, enabling shot-by-shot monitoring
of loss location and intensity along the injection system.

THE 100 MEV INJECTION SYSTEM

Power for the 100 MeV injection system is produced by
two pulsed 35 MW, 3 GHz klystrons (KLY1 and KLY2).
The klystrons can be operated in tandem or using a single
klystron in conjunction with the SLED. The RF power produced supplies the bunching structures, primary bunching
∗

(a) The 3 GHz S-Band RF Network [1]. The section in red shows
the additions included in the SLED installation.

pgia@student.unimelb.edu.au

WEPRB001
2794

(b) The layout of the 100 MeV injection system and transfer line.

Figure 1: A diagram of the RF network and the layout of the
linac and LTB.

unit (PBU) and final bunching unit (FBU), and the accelerating structures, ACC1 and ACC2, of the linac. The power
can be divided and directed to each of the structures with the
aid of variable power splitters (VPS or hybrids) and phase
shifters (PS). A diagram of the network is presented in Figure 1 (a). The power and phase of the RF input to each of
the structures and at several locations within the network are
monitored via directional couplers, the signals from which
are down-converted to an intermediate frequency and digitised at 125 MS/s [2].
The power multiplication effect of the SLED is achieved
by storing energy from the start of an RF pulse in both high
Q cavities. A 180 ° phase shift is then applied to the pulse
releasing the stored energy and adding it to the tail end of
the pulse. In this way pulse length can be exchanged for
peak power. A full description on the operation of the AS
SLED can be found in [1].
Beam for the linac is supplied by a 90 kV thermionic
electron gun and velocity modulated by a 500 MHz subharmonic pre-buncher (SHPB). A system of thirty one
solenoids are employed to ease beam blowup in the low-
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PARAMETRIC PUMPED OSCILLATION BY LORENTZ FORCE IN SUPERCONDUCTING RF CAVITY
K. Fong†, R. Leewe, TRIUMF, Vancouver

Abstract
Mechanical instabilities have been observed in superconducting RF cavities, when multiple cavities are driven
by a single klystron and these cavities are regulated by vector-summing the outputs from these cavities. A nonlinear
theory has been developed to study the source of this mechanical instability, which is due to the coupling between
Lorentz force detuning and mechanical oscillation by parametric pumping. Analytical and numerical analysis of this
model show regions of stability, limit cycles and instabilities. These results are in agreement with the observed oscillations by TRIUMF’s eLinac Acceleration Module.

INTRODUCTION

In the TRIUMF ARIEL facility, electron acceleration is
achieved currently by 3 9-cell Tesla type cavities [1]. The
injection Cryomodule is powered by its own klystron, however, the 2 acceleration Cryomodules are driven by one single klystron. Vector sum feedback control is used for field
stabilization. Although vector sum feedback control has
been proven to work well for pulse operated machines [2],

Figure 1: Experimental results showing the voltages from
2 cryomodules that have counter phase oscillations.
CW operation presented some new challenges. One of
these challenges is observed at TRIUMF in July 2018,
when the push for higher gradient was attempted. At low
gradient the vector sum system was stable. When the field
gradient was increased, amplitude oscillations started to
grow in both cavities and eventually settled into counterphase limit cycle oscillations as shown in Fig. 1. Hence
the vector sum was perfectly stable while both cavities are
ringing. As these oscillations only build up over several
seconds this phenomenon was not observable in pulsed
machine. Previous nonlinear theory [3] did not draw any
conclusion on the regime in this paper, the effect of Lorentz
force on a single cavity with no field regulation will be an-
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alyzed. It will be shown that under certain operating conditions, parametric pumped oscillation and limit cycle can
occur.

TIME DEPENDENT LORENTZ FORCE
A RF cavity can be simulated by a parallel RLC lumped
circuit at its operating frequency as
dC dV d 2V
1 dV d 2C
1
2 dV f . (1)
 2 V 2
 2 C V 
R dt dt
dt dt dt
L
Z0 dt
1
i t
Using V  ve ,  2 
and
, together
LC
with a dimensionless detuning length a and variation in a
as
,

(2)

Eq. (1) can be simplified to


 v  1  ja  v  v f
Let the variation in v be
(3) is

(3)

 v , then the variation part for Eq.



 v  1  ja   v  jx v  jv0 x  0

(4)

The phase shift between δv and v , vf is represented by the
imaginary part j, which is due to the detuning. Since x
oscillates around a, we can let
(5)
x  r  t  cos t
where r(t) is a slow varying function of t, which is normalized so that a period of the oscillation is 2πt. After this
renormalization, the values of the dimensionless numbers
a and x remain unchanged, but ϖ becomes the ratio between the rf bandwidth to the mechanical frequency. For
later use, we define


y   x  r sin t

(6)

The solution for δv can be expressed as a power series

 v     k cos kt   k sin kt 

(7)

k 0

We can write Eq.(8) in a more compact form by defining
(8)
 k   k  i k
and Eq. (8) becomes

 v    k eikt 

(9)

k 0

By substituting Eq. (9), Eq. (5) in Eq. (4) and applying Euler’s identity we get
i  kk eikt  1  ja   k eikt 
k 0
k 0
(10)
eit  e  it
eit  e  it
ikt
jr
k k e  jv0 r

2
2
k 0
Collecting terms of the same order in e

ikt

for 0 ≤ k ≤ 2
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SAWTOOTH GENERATION AND REGULATION WITH A SINGLE FPGA
FOR TRIUMF’S ARIEL PREBUNCHER
Xiaoliang Fu† , Thomas Au, Ken Fong, Qiwen Zheng, TRIUMF, Vancouver, Canada
DIGITAL PHASE-LOCKED LOOP

Abstract
TRIUMF’s ARIEL prebuncher is powered by a sawtooth
waveform which is the combination of an 11.79 MHz, a
23.57 MHz and a 35.36 MHz components. The generation,
control and regulation of these three components are all
incorporated digitally inside a single FPGA. This FPGA can
be standalone or inserted inside a VXI module. Commands
and controls of these components can be directly through
Ethernet, or indirectly through register-base or message-base
VXI addresses.

As the digital LLRF system works in driven mode, by
default, the phase of the output signal is not coherent with
the reference signal. To resolve this issue, a digital phaselocked loop is introduced to the system. The digital phaselocked loop is based on a Costas loop which is widely used
in communication systems. The basic Costas loop is used to
lock the frequency of the NCO to the 5.89 MHz reference
signal. Then, the three harmonic components can be locked
to the reference signal by adjusting the frequency tuning
words of the NCOs. Assume that the reference signal is:

INTRODUCTION

x(t) = A cos(ωc t)

The required sawtooth signal for TRIUMF’s ARIEL
project is the combination of an 11.79 MHz, a23.57 MHz
and a 35.36 MHz components which are the harmonic of
the 5.893 331 MHz reference signal. Therefore, they are all
coherently in phase. Instead of using three channels of ADC
and DAC to sample and generate the three harmonic signals [1], the digital LLRF system adopts one channel ADC
and DAC to achieve the amplitude and phase close loop
control of the three signals. In this way, the system is more
compact and the hardware cost is reduced significantly. To
ensure the phase of the output sawtooth waveform is phase
coherent with the reference signal, a digital phase-locked
loop is implemented to lock the output phase to the reference
signal. The system block diagram is shown in Fig. 1.

(1)

And the output of the local NCO is:
I0 = cos(ω0 t + φ(t))

(2)

Q0 = sin(ω0 t + φ(t))

(3)

The mixing results of reference signal and NCO signal are:
Io = A cos(ωc t) · cos(ω0 t + φ(t))

(4)

Q o = A cos(ωc t) · sin(ω0 t + φ(t))

(5)

Eq. (4) ∼ (4) can be written as:

Io







Qo






= A/2{cos[(ωc + ω0 )t + φ(t)]
+ cos[(ωc − ω0 )t − φ(t)]}
= A/2{sin[(ωc + ω0 )t + φ(t)]
+ sin[(ωc − ω0 )t − φ(t)]}

(6)

After a the low pass filters, the higher frequency ωc + ω0 is
attenuated, which can be ignored:
(
Io = A/2 · cos[(ωc − ω0 )t − φ(t)]
(7)
Q o = A/2 · sin[(ωc − ω0 )t − φ(t)]
After the phase detector, which is also a multiplier, the result
is:
Pe (t) = A/8 sin(2(ωc − ω0 )t − 2φ(t))
(8)

Figure 1: Diagram of Digital LLRF system for ARIEL.

†
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Based on Eq. (7), Pe (t) is a function of 2(ωc −ω0 )t −2φ(t).
Therefore, the frequency of the local NCO is controlled by
the frequency and phase error between the reference signal
and the local NCO. While in phase lock mode, ωc = ω0 , the
phase error and frequency error between the two signals are
zero.
The loop filter is a key factor in the digital phase-lock
loop and is more than a low-pass filter. The active PI filter
is used as the loop filter instead of FIR filter due to its delay.
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RF COMMISSIONING OF THE SPIRAL2 RFQ IN CW MODE AND
BEYOND NOMINAL FIELD
M. Di Giacomo, R. Ferdinand, H. Franberg, J-M. Lagniel, G. Normand, GANIL, Caen, France
M. Desmons, Ph. Galdemard, Y. Lussignol, O. Piquet, S. Sube, CEA-DRF-IRFU, Saclay, France

The SPIRAL2 RFQ was recently successfully
commissioned at nominal voltage of 114 kV,
corresponding to 1.65 Kilpatrick factor. The paper
describes limitations of the RFQ main subsystems, cavity
conditioning difficulties, as well as changes implemented
in the LLRF and automatic procedures to simplify turn on
and operation of the whole system.

INTRODUCTION

The SPIRAL2 RFQ [1] is driven with four independent
RF chains directly combined into the cavity. Cavity loss
was estimated around 160-180 kW at highest operating
voltage (~114 kV) and four 60 kW RF power chains were
chosen to preserve the quadrant symmetry and to lead to
realistic specifications for the circulators and amplifiers.
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Figure 2: expected and measured Pcav vs Ucav laws, and
corresponding Zs drop.

Cavity Maximum E Field
The electric field along the vanes depends on the voltage
law, the vane modulation, the beam aperture and is
enhanced at vane separation (at each 1-m section) where
misalignment can still worse the situation.
Figure 3 shows that E field rises well above 1.7 Ek at
vane separation # 2, 3 and 4 and stays around 1.7 Ek along
the forty cells of the last two meters. Each section interface
counts eight spots with E > to 2 Ek.

C4

RF SYSTEM ISSUES

Cavity Zs Drop
The equivalent shunt impedance Zs was estimated
around 73 kΩ after the final bead pull tuning. Unexplained
drop is observed at highest voltage, as shown in Fig. 2,
where the cavity loss (Pcav) vs voltage (Ucav) law is more
than squared. Almost 5% more RF power than expected is
required at nominal voltage and the deviation increases to

2804

81
Zs=73 kΩ

240

Vacuum
pumps

Figure 1: RFQ RF system.
The RFQ RF system is shown in Fig. 1. The LLRF
defines the master/slave configuration chosen to
synchronise the four chains. Master LLRF controls the
amplitude and phase stability, while slave LLRF follow the
incident power of the master chain. Master LLRF also
measures the cavity detuning and provides tools to
condition and power up the cavity as well as to recover
voltage after sparks.
The system is completed by the Tuning Control System
(TCS) and by external devices for the Phase Looked Loop
(PLL) driving mode and by the Local Control System
(LCS, not shown).
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RF power measured @fref, in cw up to 118 kV, in pulsed mode at 127 kV - 27-11-2018

280

Figure 3: a) E field vs RFQ length, b) hot spots @nominal
field with misaligned vanes (electrostatic simulation).

TCS Loop Delay
The tuning control system is based on two cooling
circuits, one for the cavity outer body, driven at constant
temperature (40°C), and one for the four vanes, whose
temperature is controlled by the tuning loop (from ~38°C
at very low voltages to ~33°C at 115 kV). Each circuit is
equipped with an actuator (3-way valve) and a pump. The
actuator is rather far from the cavity and the loop delay is
long (half a minute), letting a very slow feedback response:
temperature stabilisation takes some 15 min at constant
voltage so the system accepts only small power changes.

Amplifier Power Margin
Each chain provides almost 10% more power than
specified in CW and almost 20% more in short (<0.5 ms)
pulsed mode.
Power amplifiers are built in three stages: a 2-W almost
MC7: Accelerator Technology
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~12% at the highest voltage reached in continuous wave
(CW) mode.

Zs = V2/P (kΩ)
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DESIGN STUDY OF HIGH GRADIENT COMPACT S-BAND TW ACCELERATING STRUCTURE FOR THE THOMX LINAC UPGRADE
M. El Khaldi, M. Alkadi, C. Bruni, L. Garolfi, A. Gonnin, H. Monard,
LAL, Univ. Paris-Sud and Paris-Saclay, CNRS/IN2P3, France
Abstract
ThomX is a Compton source project in the range of the
hard X rays (45/90 keV). The machine is composed of a
50/70 MeV injector Linac and a storage ring where an electron bunch collides with a laser pulse accumulated in a
Fabry-Perot resonator. The final goal is to provide an
X-rays average flux of 1012-1013 ph/s. A demonstrator was
funded and is being built on the Orsay university campus.
The S-band injector Linac consists of 2.5 cell photocathode
RF gun and a TW accelerating section. During the commissioning phase, a standard LIL S-band accelerating section is able to achieve around 50 MeV corresponding to
around 45 keV X-rays energy. Since the maximum targeted
X-ray energy is 90 keV, the development of a new S-band
accelerating section, intended to replace the LIL structure
on loan from Soleil Synchrotron, will provide an electron
beam energy of 70 MeV. This requires essentially the development of more reliable high gradient compact S band
accelerating section. Such design is tailored for high gradient operation, low breakdown rates. We present here the
RF design of the LINAC upgrade and the performances obtained in terms of beam dynamics.

INTRODUCTION
ThomX is a Compton source project in the range of the
hard X rays (45/90 keV). The machine is composed of a
50 /70 MeV injector Linac and a storage ring where an
electron bunch collides with a laser pulse accumulated in a
Fabry-Perot resonator. The final goal is to provide an
X-rays average flux of 1012/1013 ph/s. The emitted flux will
be characterized by a dedicated X-ray line. Different users
are partners in the ThomX project [1], especially in the area
of medical science and cultural heritage. Their main goal
will be the transfer of all the experimental techniques developed on big synchrotron rings to these more compact
and flexible machines. A demonstrator was funded and is
being built on the Orsay university campus.
Basically, the ThomX linear accelerator is composed of
two main warm RF components: the RF gun and the accelerating section that boosts the electron beam to the final
energy for the ring injection.
The THOMX RF gun designed and developed at LAL is
a 2.5 cell standing wave copper cavity with resonance frequency of 2998.55 MHz at 30 °C under vacuum. The electrons are emitted on the cathode (Cu/Mg) through a laser
that hit the surface and are then accelerated by an axial longitudinal electric field component (80 MV/m). The beam
energy at the exit of the RF Gun is about 5 MeV for an
input peak RF power of 6 MW.
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To increase the current per bunch with less vacuum constraints, a metallic magnesium photo-cathode which can
deliver more than 1 nC with a laser pulse energy of a few
tens of μJ at the wavelength of 260 nm, has been chosen
[2].
During the commissioning phase, a 4.8 m S-band TW
LIL section on loan from Soleil synchrotron will be used
to achieve around 50 MeV corresponding to around 45 keV
X-rays energy. The LEP Injector Linac (LIL) structure is
an S-band travelling wave quasi-constant gradient section
composed of 135 cells, with 2π/3 phase advance per cell at
2998.55 MHz (30 °C in vacuum) [3]. The project goal is to
produce a high flux of 45 keV X-rays energy [4] leading to
specifications for the Linac that are summarized in Table 1.
Table 1: Nominal Linac Parameters
Parameter
Nominal e-beam energy
Bunch per RF pulse length
Normalized rms emittance
Energy spread rms
Bunch length rms
Average current
Repetition rate

Value
50 MeV
1
< 5 π mm mrad
< 0.3%
< 5 ps
50 nA
50 Hz

The Thomx injector linac energy will be upgraded from
50 MeV to more than 70 MeV by replacing a 4.8 m long Sband TW LIL section with a compact high gradient (HG)
S-band one. The proposed ThomX compact HG structure
is a travelling wave constant-gradient type with 96 regular
cells and 2 coupling cells, resonating at a frequency of
2998.55 MHz at 30 °C at the TM010-2π/3mode.
The electromagnetic design of the HG structure has been
performed with the codes CST MWS. The choice of a regular cell shape derives from an optimization aiming to
maximize RF efficiency and minimize surface fields and
modified Poynting vector at very high accelerating gradients. Such gradients can be achieved utilizing shape optimized elliptical irises, surface finish, appropriate materials
and specialized fabrication procedures developed for high
gradient structures. We present here the RF design of the
LINAC upgrade and the performances obtained in terms of
beam dynamics.

WEPRB008
2807

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPRB009

VALIDATION OF THE SERIES POWER COUPLERS OF THE
LIPAC SRF LINAC
H. Jenhani†, N. Bazin, G. Devanz, S. Chel, G. Disset, C. Boulch, C. Servouin,
IRFU, CEA, Univer-sité Paris-Saclay, Gif-sur-Yvette F-91191, France
D. Regidor, C. de la Morena, I. Kirpitchev, P. Méndez, J. Molla, CIEMAT,
Madrid, Spain
Abstract
In the framework of the IFMIF/EVEDA project, the cryomodule of the Linear IFMIF Prototype Accelerator (LIPAc) will be assembled in 2019 then tested at Rokkasho.
Eight Series Power Couplers (PC) operating at 175 MHz
were manufactured under a CEA contract, in order to equip
this Cryomodule. They were all successfully RF conditioned up to 100 kW CW in TW and SW configurations.
All the high RF power tests were performed under
CIEMAT responsibility in BTESA Company premises, according to the CEA requirements.
In order to fix difficulties encountered during the fabrication process, manufacturing and quality control have
been analysed in depth. Thanks to the corrective actions
implemented, every PC reached the performances targeted
for qualification. This paper will give details about this
manufacturing phase and provide an overview of the obtained RF test results.

IFMIF POWER COUPLER LAYOUT
The IFMIF Power Coupler (PC) has a 50 Ω coaxial geometry and consists of three main parts: RF Window, “T”
Transition and Cooled Outer Conductor (COC). Except the
“T” transition outer conductor, made of aluminium, all the
RF surfaces are bulk or coated OFHC copper. An active
GHe cooling system is used to interface the SC cavity with
the room temperature (RT). The layout of the coupler is
presented in Figure 1.

Figure 1: IFMIF power coupler layout.
The connection between the cryomodule and the coupler
is guaranteed by a large flange brazed to relatively soft bellows in turn brazed to the outer surface of the COC. These
___________________________________________

†

bellows has a function of a mechanical interface between
the coupler body and the cryomodule flange interface, see
Figure 1. It was designed to allow strokes of +/-4mm and
+/-2mm for respectively axial and lateral directions with
low induced mechanical constrains. The aim is to preserve
the integrity and the alignment of the cryomodule RF subsystems due to the displacement of the cold mass and the
shrinkage of the couplers during the cooldown of the cryomodule. Adapted protection tools were designed by CEA
and used to preserve the coupler during the handling and
transport operation of the PCs from the reception to the assembly on the LIPAc cryomodule. More details on the PC
are presented in [1].

MANUFACTURNIG OF THE SERIES PCS
Launching of the Series PCs Production
The series manufacturing stage was preceded by a successful prototyping phase [2], [3], [4], [5], [6].
Before the series production a new kick-off meeting took
place with the same manufacturer in order to make a statement on nonconformities. Some of the tolerances were relaxed, as the antenna protrusion length, but some minor
modifications were also requested, namely, the uses of
welded VCR connectors on the helium cooling circuit, instead of the brazed CF interfaces previously used on the
prototype.

Production Issues
The manufacturing of the series PC started with major
difficulties on validation of the copper plating process. The
origin of the issue was not a consequence of a change in
the initial procedure but simply some modifications of handling operations on the copper plated parts during the different preparation stages. This change increased significantly the time exposer to the air. Surprisingly this was
very impacting for adhesion of the copper plating. This issue was finally resolved after a long investigation and total
review of the plating procedure made by the contractor. In
parallel to this, many efforts were made to elaborate and
test finishing and cleaning technics in addition to performing several qualification tests of the copper plating on samples as described in [7]. The manufacturing of the first series PC pair was accomplished in April 2016 [7].
During the Site Acceptance Tests performed (SAT) at
CEA on the first PC pair, cleanliness and compliance issues
were found from the visual inspections. Later, major leak
problem was demonstrated on the bellows of the two
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RF POWER TEST OF THE REBUNCHER FOR SARAF-LINAC
L. Zhao∗ , O, Piquet, D. Chirpaz, X.W. Zhu, J. Dumas, F. Gohier, P. Guiho, S. Ladegaillerie,
T. Joannem, N. Solenne, R. Berthier, R. Braud, C. Marchand, R. Duperrier, F. Gougnaud, D. Uriot
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
M. Michel, J-F. Leyge and M. Di Giacomo
GANIL, IFRU, CEA, Caen, France
B. Kaizer and L. Weissman
SNRC, Israel
Abstract
Three normal conducting rebunchers will be installed at
the Medium Energy Beam Transport (MEBT) of the SARAFLINAC phase II [1]. The MEBT line is designed to follow a
1.3 MeV/u RFQ, is about 5 m long, and contains three 176
MHz rebunchers providing a field integral of 105 kV. CEA
is in charge of the design and fabrication of the Cu plated
stainless steel, 3-gap rebuncher. The high power tests and
RF conditioning have been successfully performed at the
CEA Saclay on the first cavity. A solid state power amplifier,
which has been developed by SNRC and has been used for
the RF tests. The cavity has shown a good performance
according to calculations, regarding the dissipated power,
peak temperatures and coupling factor. RF conditioning was
started with a duty cycle of 1% and increased gradually until
continuous wave (CW), which is the nominal working mode
in SARAF-LINAC.

Figure 1: 3D model of the full equipped MEBT line.

INTRODUCTION
Three rebuncher cavities will be installed at the Medium
Energy Beam Transport (MEBT) of the SARAF-LINAC
accelerator shown in Fig. 1. The basic structure of the rebuncher consists of a cylinder with one side movable tuner
and 2 stems which form three acceleration gaps as shown in
Fig. 2. Taking into account the main requirement parameters given by Table 1, the CST Micowave Studio software
was used to obtain the mechanical dimensions and the radio
frequency parameters of the rebuncher cavity.
Table 1: Rebuncher Specification and Measured Value
Item
Frequency
Quality factor
Flange to flange
distance
Tuning range
Max. cavity temperature

∗

Specification

Measured

Unit

176
>6600
<280

176.000
7000
244

MHz

>200
100

>600
35

kHz
°C

lu.zhao@cea.fr
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mm

Figure 2: 3-gap rebuncher cavity components.

RF AND MECHANICAL DESIGN
Thanks to the experience accumulated with the SPIRAL2
rebuncher and further optimization study, CEA/Ganil has
designed a Cu plated stainless steel 3-gap rebuncher [2] with
the resonance frequency (𝑓0 ) of 176 MHz. Figure 2 shows
the 3D model of the rebuncher with inside view. The RF
structure of the rebuncher is composed of three gaps with
two quater wave stems in opposition. It is designed for a
field integral of 120 kV (required 105 kV). It is equipped on
one side with a movable tuner and with an inductive coupler.
WEPRB010
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PVD DEPOSTION OF Nb3Sn THIN FILM ON COPPER SUBSTRATE FROM
AN ALLOY Nb3Sn TARGET
R. Valizadeh1, A.N. Hannah1, S. Aliasghari1, O.B. Malyshev1, G. B. G. Stenning2, D. Turner1,
K. Dawson3, and V.R. Dahnak4
1
ASTeC, STFC Daresbury Laboratory, Warrington, UK
2
ISIS, STFC Rutherford Appleton Laboratory, Didcot, UK
3
Nanoinvestigation Centre at Liverpool, University of Liverpool, Liverpool, UK
4
Department of Material Science, University of Liverpool, Liverpool, UK

Abstract

In this study we report on the PVD deposition of Nb3Sn
on Cu substrates with and without a thick Nb interlayer to
produce Cu/Nb/Nb3Sn and Cu/Nb3Sn multilayer structures. The Nb3Sn was sputtered directly from an alloy target at room and elevated temperatures. The dependence of
the superconducting properties of the total structure on
deposition parameters has been determined. The films have
been characterized via SEM, XRD, EDX and SQUID magnetometer measurements. Analysis showed that the composition at both room and elevated temperature was within
the desired stoichiometry of 24–25 at%. However, superconductivity was only observed for deposition at elevated
temperature or post annealing at 650 °C. The critical temperature was determined to be in the range of 16.8 to 17.4
K. In the case of bilayer deposition, copper segregation
from the interface all the way to the surface was observed.

INTRODUCTION

Superconducting niobium cavities are used in particle
accelerators to provide the gradient required to accelerate
the desired particles via RF energy with low losses. Bulk
niobium (Nb) has been the material of choice for superconducting RF (SRF) cavities since it has the highest critical
temperature (Tc = 9.25 K) and the highest superheating
magnetic ﬁeld Hsh of all the pure metals, and also because
it can be formed easily into a cavity shape. The RF performance of bulk Nb cavities has continuously improved over
the years and is approaching the optimal performance
achievable (Hsh ~ 210 mT) [1]. Although further improvement has been achieved with N surface doping [2, 3, 4],
alternative solutions giving even greater SRF surface
efﬁciency enhancement need to be pursued. The aim is to
find an alternative material that can sustain very large surface magnetic fields (i.e. high Hc2), as this is what fundamentally limits the accelerated energy Eacc, and therefore
sets the minimum number of cavities required to reach a
given energy.
At ∼2 K, cavities made from a material with lower surface resistance 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 fewer cavities would
be required. Furthermore, the temperature dependent part
of Rs scales with e−Tc/T, so if the alternative material had a
large Tc, low Rs operation could be possible at 4.2 K,
WEPRB011
2818

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, giving even greater savings.
The surface resistance Rs is defined as the sum of Rs =
RBCS(T) + Rres where RBCS ∝ e-Tc/T and Rres is independent of
temperature and is due to parasitic losses. The residual resistance Rres is not yet fully understood, but is believed to
be significantly due to intrinsic losses caused by imperfect
surface quality, metallic inclusions within the penetration
depth, the presence of oxides on the surface, and grain
boundaries. Other contributors are extrinsic losses due to
flux trapped during cooling. Due to the wide variety of phenomena, it is impossible to predict these residual losses
with one formula. However, from results reported in literature [5], Rres is found empirically to be proportional to √ρn
where ρn is normal state resistivity.
Nb3Sn is superconductor with Tc = 18 K, ρn = 8-20
μΩ⋅cm and Hc2 = 28 T. Its critical temperature is higher
than that of Nb (9.3 K), and hence, at 4 K, it has an RF
resistance an order of magnitude lower than that of Nb and
so a superior quality factor. In recent years, there has been
an extensive effort, with some degree of success, to convert
a Nb cavity into Nb3Sn by alloying the inner surface of the
cavity through Sn diffusion at high temperature. However,
the lack of reproducibility remains a major hindering and
limiting factor [6].
Hence, we are investigating the properties of deposited
Nb3Sn films. We have characterised the structure, composition and DC superconducting properties of films deposited directly on Cu and on an intermediate Nb layer.

EXPERIMENTAL SETUP
The deposition chamber, described in detail in [7], has
ports which allow the installation of up to four magnetrons
facing downwards towards the substrate at an angle of 45°.
Three 3-inch planar magnetrons were used. One was
mounted on an adjustable bellows allowing it to move to
between 50 and 250 mm from the substrate surface. The
other magnetrons were fixed at 150 mm from the substrate
surface. Pressure during deposition was typically 10-3 mbar
and was set by adjusting the flow rate through the mass
flow controller, with a constant pumping speed, until the
desired pressure was read from the Baratron.
The sample temperature during deposition was measured using a thermocouple located at the heater filament.
Another, retractable, thermocouple was mounted inside the
MC7: Accelerator Technology
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OVERVIEW ON SC CH-CAVITY DEVELOPMENT∗
M. Busch† , M. Basten, T. Conrad, P. Müller, H. Podlech, M. Schwarz
IAP, Goethe University, Frankfurt am Main, Germany
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1 also at HIM, Mainz, Germany
2 also at KPH, Johannes Gutenberg University, Mainz, Germany

Abstract

During the last decades an enermous effort has been put
into the development of low beta structures for hadron acceleration worldwide. Since hadrons exhibit a very inert
velocity gain due to their high mass this change in speed has
to be taken into account when utilizing low beta cavities. At
the Institute of Applied Physics (IAP), Frankfurt, Germany,
five multi-cell CH-cavities (Crossbar H-Mode) have been
developed and tested for different kind of applications so far.
In addition to the successfully tested original 360 MHz prototype further structures envisaged for beam operation have
been fabricated and tested. Overview, status and outlook of
this cavity technology is topic of this contribution.

OVERVIEW AND STATUS

360 MHz CH-cavity Prototype

Compact 325 MHz CH-cavity
The next step was the design of a compact, 7-cell,
325 MHz CH-cavity at βgeom. = 0.16 and a new kind of tuning
system to adjust the frequency dynamically both slowly and
fast during beam operation [3–5]. The novel tuner consists
of a bellow type geometry which is put inside the cavity and
connected to the outside by a rod and can be operated by
a piezo and a stepping motor drive, respectively. Four additional flanges for surface preparation enable an improved
cavity performance after HPR. Another aspect providing
a compact geometry was the implementation of inclined
stems at the first and last drift tube. Consequently, this cavity achieved an accelerating gradient of 8.5 MV/m at 4 K
resulting in a voltage of 4.2 MV. Furthermore, tests at 2 K
yielded a gradient of 14.1 MV/m (see Fig. 2) and a voltage
of 7 MV, respectively [6, 7].
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The first milestone in the development of superconducting CH-cavities was the successful design and test of the
360 MHz, 19-cell, βgeom. = 0.1 CH-cavity [1]. After several
chemical and HPR (High Pressure Pure Water Rinsing)
treatments this resonator reached an accelerating gradient
of 7 MV/m (see Fig. 1), accordingly 5.6 MV of voltage in
total. It was the first tested, low-beta, multi-cell cavity with

advanced surface processing schemes like mild baking concepts or plasma discharge cleaning.
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Figure 2: Q0 -Ea -curve of the 325 MHz CH-cavity [7].

217 MHz Demonstrator Cavity (CH0) for HELIAC
Figure 1: Q0 -Ea -curve of the 360 MHz CH-prototype [2].

an unrivaled voltage gain worldwide. Meanwhile the cavity
has been reactivated to serve for investigations regarding
∗
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With the very promising results from the previous two
cavities it was decided to elaborate a newly planned, dedicated, energy-variable, superconducting, cw heavy ion linac:
HELIAC (HElmholtz LInear ACcelerator) at GSI, Darmstadt, in collaboration with HIM Mainz and GU Frankfurt
based upon the aforementioned novel type of multi-cell resonators with EQUUS (EQUidistant mUltigap Structure)
beam dynamics concept [8–10]. As a first step towards
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FURTHER RF MEASUREMENTS ON THE SUPERCONDUCTING
217 MHZ CH DEMONSTRATOR CAVITY FOR A CW LINAC AT GSI
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Abstract

Recently, the first section of a superconducting (SC) continuous wave (CW) linac has been extensively tested with
heavy ion beam from the GSI High Charge State Injector
(HLI). During this testing phase, the reliable operability
of 217 MHz multi-gap crossbar-H-mode (CH) cavities has
been successfully demonstrated. The SC 217 MHz CH cavity (CH-0) of the demonstrator setup accelerated heavy ions
up to the design beam energy and even beyond at high beam
intensities and full transmission. This worldwide first beam
test with a SC CH cavity is a major milestone on the way
realizing the entire SC CW linac project. In this contribution further RF measurements on the cavity are presented
providing full characterization of the RF structure CH-0.

INTRODUCTION

f.dziuba@gsi.de
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Figure 2: 3D model of the SC 217 MHz CH-0 cavity.

LOW LEVEL RF COMMISSIONING
After assembly of the helium jacket and final surface
preparation steps the cavity was delivered to GSI and prepared for a low level RF test in a horizontal cryomodule [11, 12]. To determine Q0 during the test and especially
for RF conditioning, a slightly over coupled input probe was
used. Therefore, a coupling strength of βe ≈ 7 was chosen,
resulting in an external quality factor of Q e = 1.9 × 108 .
The required RF power has been delivered by a 50 W broadband amplifier while the cavity was operated within a phase
locked loop (PLL). Subsequently, after cool down to 4.2 K,
the cavity has been RF conditioned with low field level
power. For this purpose, a network analyser (VNA) was
used sweeping over the resonance frequency of the cavity
while varying the forward power (P f ). All multipacting
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Within the scope of building a new SC CW linac at GSI
an R&D program has been initiated in collaboration with
the Helmholtz Institute Mainz (HIM) and the Institute of
Applied Physics (IAP) of Goethe University Frankfurt in
2010. On the way realizing the proposed HElmholtz LInear
ACcelerator (HELIAC) it was intended to build and test the
first linac section with beam as a demonstrator at the GSI
High Charge State injector (HLI) [1, 2]. The test setup is
shown in Fig. 1. In this context, a 850 mm long 217 MHz SC
CH cavity (CH-0) [3] with 15 equidistant gaps based on the
EQUUS (EQUidistant mUlti-gap Structure) beam dynamics
layout [4–6] serves as a key component (see Fig. 2). Three
dynamic bellow tuners inside the cavity allow slow and
fast frequency adjustment during operation [7]. To achieve
strong input coupling a 2 kW CW coaxial power coupler was
available. Furthermore, two SC 9.3 T solenoids surrounding
the cavity have been used to provide the required transverse
beam focusing. Nevertheless, all components were mounted
on a common support frame suspended inside a horizontal
cryomodule. Finally, the cavity has been extensively tested
with low level RF power at 4.2 K and was successfully commissioned with beam for the first time [8–10].
∗

Figure 1: Demonstrator test environment at GSI.
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Abstract
At the Helmholtz-Institut Mainz (HIM) a cleanroom has
been equipped with new tools and installations for the
planned treatment of different superconducting RF-cavities. Therefore the cleanroom had to be shut down and
some walls and part of the ceiling had to be dismantled. In
its ISO-class 6 area a large ultrasonic and a conductance
rinsing bath has been installed. A high pressure rinsing
cabinet has been implemented between the ISO-class 6 and
4 cleanroom so that a cavity can be loaded and unloaded
from both sides. For drying the ISO-class 4 cleanroom was
equipped with a 160°C vacuum oven. Afterwards the
cleanroom was sealed again and put back in operation.
New cleanroom lift trolleys allow the handling of heavy
objects (max. 200 kg). By a rail system in the cleanroom
floor it is possible to move entire cold strings through the
different clean room classes separated by a roll-up door.
This paper reports on the reclassification of the cleanroom
after it went back to operation and first experiences with its
cleaning. Particle measurements of equipment in operation
will be presented as well.

INTRODUCTION

The new building of the Helmholtz Institute Mainz
(HIM) includes a cleanroom (CR), which is foreseen as
part of the infrastructure for the SRF projects at GSI in
Darmstadt and Johannes-Gutenberg University (JGU) in
Mainz [1]. The Helmholtz Linear Accelerator (HELIAC)
[2-5] will use 217 MHz superconducting crossbar H-mode
(CH) cavities [6-9] and is currently under development by
HIM and GSI. Substituting the GSI UNILAC, recently upgraded for FAIR with a short pulse operation with heavy
ion [10-13] and proton beams [14,15], HELIAC satisfy the
user requirements for SHE program [16,17]. Its first cavity
was already tested successfully, accelerating different mass
to charge ratio ion beams in 2017 [18]. The Mainz EnergyRecovering Superconducting Accelerator (MESA) uses
1.3 GHz TESLA/XFEL type 9-cell cavities. Its 2 cryomodules each equipped with 2 of those cavities are currently tested for acceptance at HIM [19].
The dimensions of the cleanroom and its installations
and tools were chosen to serve both projects. In particular,
the CH-cavities have a diameter of approximately 70 cm
___________________________________________
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(with helium vessel and flanges) and thus are considerably
larger than the 1.3 GHz cavities. The HIM-ISO-class 4
cleanroom is large enough to allow for assembly of up to
9 m long cold-strings.

CLEANROOM PROPERTIES
The cleanroom without equipment and machines was already put into operation in November 2015. It features a
heavy duty aluminium double floor, capable of up to 5 tons
per square meter and a rail system through its different
zones in order to roll out a complete cold-string. In the
basement of the HIM building a water treatment plant with
a 5000 l storage tank provides 2500 l/h ultra pure water
(18 MΩcm) for the cleanroom. Besides different locks the
cleanroom is mainly divided into two parts: a 42 m2 ISOclass 6 area (CR 1) for cleaning and preparation, and a
43 m2 ISO-class 4 (CR 2) area, designated for drying and
assembly.
In summer 2017 the cleanroom was shut down, several
walls and part of its roof were opened to bring in a large
vacuum oven, an ultrasonic (US) and conductance rinse
(C-rinse) bath together with its lifter system as well as a
high pressure rinsing cabinet (HPR). After all electric, water and gas installations were made the cleanroom walls
were put back in place or were adjusted to the machines by
the cleanroom vendor. For example, the HPR is now part
of the barrier between CR 1 and CR 2 and can be loaded
and unloaded from both sides acting as an air lock. Figure 1
shows a picture taken with a fisheye perspective from the
side of CR 1. Under the aluminium cover (in the middle
part), the rail system passes through a roll-up door to CR 2
and to the right leaves the cleanroom (under a broad exit
door) into the cryo-module assembly area outside.
In Table 1 all rooms and locks of the cleanroom are listed
together with data of their ISO-class, size, overpressure
and changes of their air per hour. Figure 2 gives an impression of CR 2. One can see, that the ceiling above the HPR
had to be raised from 3 to 4.2 m in order to create enough
space for the lever, holding the HPR wand, to move up and
down. An additional Filter Fan Unit (FFU), not visible in
Fig. 2, has been installed on top of the raised ceiling to ensure ISO 4 quality also on top of the HPR.
Besides those large permanent installations the cleanroom is equipped with smaller tools such as ionized nitrogen spray guns, smaller US baths, a cleanroom dishwasher,
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SIMULATION OF QUENCH DETECTION ALGORITHMS FOR HELMHOLTZ ZENTRUM BERLIN SRF CAVITIES*
P. Echevarria†, A. Neumann, A. Ushakov, Helmholtz Zentrum Berlin, Berlin, Germany
B. Garcia Arruabarrena, J. Jugo, University of the Basque Country (UPV/EHU), Leioa, Spain

Abstract
The Helmholtz Zentrum Berlin is carrying out two accelerator projects which make use of high gradient Continuous Wave (CW) SRF cavities: bERLinPro and BESSYVSR. In both projects, a prompt detection of a quench is
crucial to avoid damages in the cryomodules and cavities
themselves. In this paper, the response of real time estimation of the cavity parameters using the transmitted and forward RF signals is simulated, in order to perform the
quench detection. The time response of the estimated half
bandwidth is compared with the dissipated energy in the
cavity walls for the different type of SRF cavities used in
both projects, i.e., bERLinPro’s photoinjector, booster and
linac, and BESSY-VSR 1.5 GHz and 1.75 GHz cavities.
As an intermediate step prior to the implementation in an
mTCA.4 system together with the LLRF control and test
with a real cavity, the algorithm has been implemented using a National Instruments FPGA board to check its proper
behavior.

INTRODUCTION

Continuous Wave (CW) high gradient operation of SRF
cavities is a shared characteristic of the two projects currently in implementation phase at Helmholtz Zentrum Berlin (HZB): BESSY-VSR [1] and bERLinPro [2]. The former project consists of introducing SRF cavities at 1.5 and
1.75 GHz in the storage ring of the BESSY-II synchrotron
light source to allow short and long pulses at the same time.
The latter is a demonstration facility for the science and
technology of ERLs for future light source applications.
During a quench the quality factor of the cavity Q0 will
decay from the superconducting value (in the order of 1010)
to the normal conducting one (104) causing a change in the

loaded quality factor, QL =

�0

+

�

−

, where Qe is the

external quality factor whose values depend on the application. Two types of quenches can be considered: hard and
soft quenches [3]. In the former the full cavity becomes
normal conducting while in the latter only portions of the
cavity turn normal conducting. As the heat load increases,
this portion expands until the full cavity quenches. In CW
operation, unlike in pulsed operation, QL cannot be calculated using the pulse decay for hard quenches detection and
there is no time without RF where a soft quench can be
partially recovered. Thus, when a quench occurs the dissipated power in the walls dramatically increases reaching
___________________________________________
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the limit of heat transport capacity of the helium system. In
this situation, it is of paramount importance to have a CW
quench detection procedure integrated in the Machine Protection System (MPS) [4]. It is important to remark that
ω1/2 only changes significantly when Q0 gets comparable
with Qe inducing thus a change in QL and that the lower the
Qe, the later the quench will be observable.
The real time cavity parameters’ estimation using the
transmitted and forward signals can be implemented in the
Low Level RF (LLRF) control hardware [5]. In this paper
the simulation of such real time estimation algorithm is
presented for the SRF cavities of both HZB’s projects,
whose main parameters are shown in Table 1 (a Q0=5∙109
was assumed for all cavities), and the results are compared
with the dissipated energy in the cavity walls.
Table 1: HZB’s SRF Cavities’ Parameters: Loaded Quality
Factor, Half-Bandwidth, Normalized Shunt Impedance,
Frequency And Accelerating Field
QL

Cavity
Gun
Booster
Linac
VSR1.5
VSR1.75

ω1/2
(rad/s)
1.36∙103
2.35∙103
81.7
94.2
110

3∙106
1.74∙106
5∙107
5∙107
5∙107

r/Q
(Ω)
150
220
770
490
490

f0
(GHz)
1.3
1.3
1.3
1.5
1.75

Eacc
(MV/m)
12
10
20
20
20

ALGORITHM AND IMPLEMENTATION
As shown in [6] the detuning (Δω) and half-bandwidth
(ω1/2) parameters of the SRF cavities in the absence of
beam, can be obtained using the following equations:
ω

/

=

Δω =

�

�

�� −

� 2 +�2

�
�

�
− ��
�
� 2 +�2

+
+

�
�

�� −

� 2 +�2

�� −

� 2 +�2

�
�

�
�

(1)

(2)

where Ic, Qc, If and Qf are respectively the in-phase and inquadrature components of the cavity voltage measured
with a pick-up antenna and the forward voltage coming
from the RF amplifier (Solid State Amplifier or Klystron).
K is a constant given by cavity parameters and the factors
of attenuation produced by sensors, coaxial cables, and
ADC conversion which relate the physical RF wave magnitudes and the numerical values used inside the FPGA and
is quantified by K =

�

ω0 ���
�

���

, where attf and attc are the re-

lation between the physical magnitudes of the measured
RF signals and the numeric fixed point values used to represent them.
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OPERATIONAL EXPERIENCES WITH X-RAY TOMOGRAPHY FOR SRF
CAVITY SHAPE AND SURFACE CONTROL*
H.-W. Glock†, J. Knobloch, A. Neumann, Y. Tamashevich, HZB für Materialien und Energie,
Berlin, Germany, J. Kinzinger, XRAYLab, Sachsenheim, Germany, M. Böhnel, N. Reims,
Fraunhofer Institute for Integrated Circuits IIS, Dev. Center X-ray Technology EZRT, Fürth, Germany

Abstract
X-ray tomography has been established as a nondestructive three-dimensional analysis tool, commercially
offered by industrial vendors. Typical applications cover
shape control and failure detection (voids, cracks) deep
inside of complicated bulk pieces like engine blocks,
bearings, turbine blades etc.. We evaluated the
applicability of the process for superconducting radio
frequency cavities, in particular a generic 1.3 GHz single
test cell cavity, the 1.4-cell 1.3 GHz bERLinPro electron
gun cavity and the 1.5 GHz VSR-1-cell-prototype cavity.
The gun cavity experienced severe shape modifications
during its tuning process and features a complicated
internal stiffening construction. Thus it is a challenge to
measure its actual internal cavity surface shape after the
complete preparation process with a resolution,
sufficiently high (better than 0.2 mm) to serve as input for
meaningful comparative field simulations. First tests with
a vendor’s on-site X-ray source, operating at X-ray
energies up to 590 keV revealed an insufficient resolution
of the inner surface, attributed to the unfavorable X-ray
damping characteristics of niobium. This was overcome
with the aid of an accelerator-based source (X-ray
spectrum up to 7.5 MeV), operated by Fraunhofer IISEZRT, Fürth, Germany. Results show significant, while
understood, shape changes and indicate partial inner
surface modifications of the gun cavity. Further, the data
evaluation process, which was needed to provide input for
field simulations, raised issues because of data set size
and complexity and illustrated further some typical
artefacts, which are discussed in the paper.

TOMOGRAPHY SETUP

Figure 1: Schematic set-up for X-ray tomography.

X-ray tomography is essentially based on an inversion
algorithm capable to derive the three-dimensional
material distribution of the test object out of a large set of
X-ray transmission pictures, each captured in a different
angle of transmission through the test object. This is
____________________________________________
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typically accomplished by a motor-driven rotation of the
test object around a vertical axis, not necessarily central to
the object (cf. Fig. 1). Industrial X-ray tomography is
used both for the control of shape precision and the nondestructive detection of internal material failures like
cracks or voids in bulk and e.g. welded regions.
Applications covers a wide variety of technical objects,
which are subject of high quality or reliability demands,
ranging from e.g. printed circuit boards and connector
plugs, compound materials, entire engine blocks up to
damage analysis in full-size crashed cars [1].
To the best of author’s knowledge the first application
of X-ray tomography to superconducting accelerating
cavities was described in Ref. [2], there applied to a
3.9 GHz 9-cell cavity with a reported Nb wall thickness
of less than 1 mm. The authors added their own
experimental experiences in Ref. [3], with the aim to
determine the actual cavity shape of a 1.4 cell SRF
electron gun cavity, operated at 1.3 GHz and with Nb wall
thickness of ~ 3 mm, after a complicated tuning process.
In this study the tomographic inversion failed to
determine the inner cavity contour, which was attributed
to the strong specific X-ray damping of Nb. In order to
overcome this the X-ray energy was increased up to
7.5 MeV (instead of 590 keV in the previously used
conventional X-ray tube), thus taking profit from lower
specific absorption rates [4]. For this purpose the
accelerator-driven tomography installation of Fraunhofer
IIS-EZRT, Fürth, Germany was used both for the abovementioned gun cavity, the VSR-1-cell-proto-type cavity
[5] and a generic single cell 1.3 GHz cavity.
All measurements were done with an X-ray array detector
pixels
of
with
Np x Np = 2048 x 2048 square
Δp = 200 µm edge length, distances of (cf. Fig. 1)
L1 ≈ 5 m, L2 ≈ 0.5 m, resulting in a maximum object size
(perpendicular to the detector) of ~ 372 mm. This led to
some truncations of peripheral areas, which were
minimized by careful positioning. The electron
accelerator (a Siemens SILAC®-p 9 MeV) delivers a
beam spot size of Δs < 2 mm on a tungsten target. Both
the finite size of each detector element and of the X-ray
source area limit the accuracy Δd of the transversal
position, which later on is attributed to a certain material
compartment of the test object, given by (cf. [6], Equation
(10), using our nomenclature):
2

∆ d=

2

√[ L ∆ s] +[ L ∆ p]
2

1

L1 + L2

(1)
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COMPACT ULTRA HIGH-GRADIENT KA-BAND
ACCELERATING STRUCTURE FOR RESEARCH, MEDICAL
AND INDUSTRIAL APPLICATIONS
L. Faillace†, INFN-Milan, Milan, Italy
B. Spataro, A. Variola, INFN- LNF, Frascati, Italy
M. Behtouei, SBAI-University of Rome, Roma, Italy
G. Torrisi, INFN-LNS, Catania, Italy
V.A. Dolgashev, SLAC, Menlo Park, USA
Abstract

Technological advancements are strongly required to
fulfil demands for new accelerators devices from the
compact or portable devices for radiotherapy to mobile
cargo inspections and security, biology, energy and environmental applications, and ultimately for the next generation of colliders. In the frame of the collaboration with
INFN-LNF, SLAC (USA) we are working closely on
design studies, fabrication and high-power operation of
Ka-band accelerating structures. In particular, new manufacturing techniques for hard-copper structures are being
investigated in order to determine the maximum sustainable gradients above 150 MV/m and extremely low probability of RF breakdown. In this paper, the preliminary RF
and mechanical design as well as beam dynamics estimations for a Ka-Band accelerating structure at 35 GHz are
presented together with discussions on practical accelerating gradients and maximum average beam
current throughput.

INTRODUCTION

Nowadays, linear accelerators (linacs) are being used
for numerous applications in many different areas [1].
Both direct electron beams or X-rays from target conversion are employed. In research, high accelerating gradients are sought for producing ultra-bright and high-energy
(>GeV) electron beams for linear colliders as well as
FELs, Compton sources, etc. In the medical area, medium-energy (4-25 MeV) and low average current (10 nA –
1 µA) electrons and X-rays (200-500 cGy/min at 1m with
a flux in the range 107-8 photons/s/mm2) are used for cancer imaging and treatment (radiotherapy) as well as radioisotopes production (electron energy up to many tens of
MeV’s and average current up to few mA’s). In industry,
medium-energy and high average power electron beams
(10-150 mA average beam current) are utilized for material processing (up to 150 mA) and sterilization (10 mA).
In the security field, cargo scanning often employs medium energy X-rays (10 MeV, 0.1-1mA). For environmental
applications, medium-low energy (0.7-5MeV) electron
beams (5-10 mA) are used for water, flue gas treatment
and so on.
Although hundreds of linacs are sold every year, mainly
for industrial and medical applications, these structures

mostly operate either in S-Band (~3 GHz) or in X-Band
(~9 GHz). Most of the linacs which use S-Band structures
can be very bulky and large robotic systems are needed
for operation, representing a crucial issue especially for
medial applications.
We propose here a compact linear accelerating structure
in Ka-Band (~35 GHz) able to achieve ultra-high gradient
accelerating gradients (up to 150 MV/m) and therefore it
allows to obtain high beam energies in ultra-compact foot
prints (e.g. a factor of ten smaller than S-Band and a factor of three shorter than X-Band devices). The proposed
Ka-Band accelerator can be either operated, depending on
the specific application, either in Standing-wave (SW) or
Traveling-wave (TW) mode. In SW configuration, the
linac usually works in the  accelerating mode but more
often in the /2 mode for most areas listed above. On the
other hand, in TW configuration the most common operation mode is the 2/3 with a cell-to-cell phase-shift of
120 degrees.
Initially, the Ka-Band linac was thought as a higher
harmonics linac for the linearization of the electron beam
for the Compact Light project [2], discussed in a later
section. Nevertheless, we also propose it as a table-top
and inexpensive accelerator for medical and industrial
applications. Due to the small geometric dimensions, the
maximum average electron current is lower than lower
frequencies and it is therefore perfectly suitable for lowto-high energy, low average power applications.
More details about the RF characterization of the accelerating structure is found in [3].

PRELIMINARY RF DESIGN
The preliminary RF design of the Ka-Band linear accelerator was carried out with the 3D numerical codes
HFSS and CST. The main RF parameters are given in
Table 1.
Table 1: Structure Main RF Parameters
Main RF Parameters
Frequency
Accelerating Gradient
Eff. Shunt Impedance
Quality Factor Q0
Cell length Lc

Value
35.982 GHz
Up to 150 MV/m
158 M/m
4110
2.9 mm
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COMMISSIONING OF S-BAND CAVITY TEST FACILITY AT ELETTRA
FOR CONDITIONING OF HIGH GRADIENT STRUCTURES FOR THE
FERMI LINAC UPGRADE
N. Shafqat∗ , C. Serpico1 , M. Milloch, M. Svandrlik, M. Trovo, C. Masciovecchio, L. Giannessi
Elettra-Sincrotrone Trieste S.C.p.A., Italy
R. Zennaro, M. Bopp, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
T. G. Lucas, The University of Melbourne, Australia
1 also at CLS, Saskatoon, Canada
RF DESIGN

Abstract
FERMI is the seeded Free Electron Laser (FEL) user facility at Elettra laboratory in Trieste, operating in the VUV
to soft X-rays spectral range. In order to extend the FEL
spectral range to shorter wavelengths, a feasibility study for
increasing the Linac energy from 1.5 GeV to 1.8 GeV is
actually going on. A short prototype of a new High Gradient (HG) S-band accelerating structure has been built in
collaboration with Paul Scherrer Institute (PSI). The new
structures are intended to replace the present Backward Travelling Wave (BTW) sections and tailored to be operated at a
gradient of 30 MV/m. For RF conditioning and high power
testing of prototype, a Cavity Test Facility (CTF) is commissioned at FERMI. The test facility is equipped with RF pulse
compressor system and a dedicated diagnostic for breakdown rate (BDR) measurements and events localization. In
this paper we present in detail cavity test facility of FERMI
and high power testing of the first prototype.

INTRODUCTION

FERMI has achieved its nominal performance goals by
the production of photon energies above 300 eV. However,
there is a great demand from scientific community to cover
the whole water window by reaching both the nitrogen and
oxygen K-edges. This will require the extension of the photon energy up to 600 eV. FEL simulations show that this
goal can be achieved by increasing the electron beam energy
from the present value of 1.5 GeV up to 1.8 GeV, while the
beam peak current should be pushed up to 1 kA. This is not
possible in the current configuration due to some limitations
with the seven, 6.4 m long, BTW structures which are limited presently to maximum gradient of 24 MV/m. To solve
this issue and to have reliable accelerating gradient of 30
MV/m, an upgrade of FERMI Linac is currently under study.
In the upgrade scenario each BTW structure would be replaced by two, 3.0 m long, structures fed by the same power
source. An agreement was signed with PSI in April 2017
to develop a short prototype of new high gradient structure.
The prototype was installed at cavity test facility in April
2018. The structure achieved the nominal operating parameters, reaching the goal gradient of 30MV/m fast without
problems.
∗
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An extensive comparison between magnetic-coupled
(MC) and electric-coupled (EC) RF couplers is made in [1].
A customized version of dual-fed-EC coupler is chosen for
the new, high gradient, structures, due to significantly lower
surface fields. The complete design of new accelerating
structures is reported in [2]. All the geometrical parameters
of an accelerating cell are summarized in Table 1. To achieve
1.8 GeV the new structure has to work at 30 MV/m gradient
which is considerably high for typical S-band accelerators.
So, to lower the peak electric field in the cell, an elliptical
rounding is introduced and optimized using HFSS.
Table 1: RF Parameters of Accelerating Structure
Parameter

Value

f0 [MHz]
Mode
Lstructure [mm]
Lcell [mm]
Ncell
t (disk thickness) [mm]
or (bending radius) [mm]
Rsh [MΩ/m]
Q0
tf [ns]
τ [Neper]

2998.01
2π/3
2998.3
33.332
84
2.5
13
72.07 → 80.83
≈ 15850
645
0.38

PROTOTYPE FABRICATION AND COLD
MEASUREMENTS
To prove the reliability and the feasibility of upgrade proposal at an accelerating gradient of 30 MV/m, a short prototype shown in Fig. 1 has been built in collaboration with
PSI, Switzerland using the same structure technology as
developed for the SwissFEL C-band structres [4]. For more
details about the fabrication process refer to [5].

CAVITY TEST FACILITY
At FERMI the RF station designated as hot spare for first
two Linac stations, is also used as RF source for S-band RF
Cavity Test Facility (CTF). This RF station is equipped with
same FERMI LLRF hardware installed on all other RF sta-
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RF SYSTEM UPGRADE FOR ELETTRA 2.0
C. Pasotti †, M. Bocciai, M. Rinaldi, Elettra Sincrotrone Trieste, 34149 Basovizza, Italy
RF SYSTEM

Abstract
The Elettra 2.0 low emittance light source project has
triggered the review of the installed RF system’s performances and the analyses of the new machine requirement.
This study includes the imperative revamp of the RF power
sources. The trade-off between the best theoretical RF system design and the available room for installation and
budget for Elettra 2.0 has been translated into the operational plan reported here. The first planned step is the installation of 100 kW 500 MHz solid state based transmitters.

INTRODUCTION
Elettra 2.0, a new generation light source is planned to
replace the existing 3rd synchrotron radiation Elettra facility but with improved photon beam brilliance and coherence [1]. A feasibility study has been conducted with the
following main constrains.
 Keep the very same Elettra ring, 260 m.
 Host the very same Elettra beam lines, many of them
are now bending magnet beam lines.
 Use the Full Energy Injector, 2.5 GeV, set into operation in 2008, and off-axis injection.
 Multi-bunch beam current intensity ≥ 400 mA.
 Gain, at least, a natural emittance N one order of magnitude less than the Elettra one, now N =7 nm-rad.
At the same time, the Elettra facility shall work steadily
up to the beginning of its dismantling and Elettra 2.0 facility assembly. The dismantling and assembling shall be fast
and efficient and lasts only one year to minimize the impact
on the beam user community. For this reason the installation and test on Elettra of any upgrade suitable for Elettra 2.0 is desirable [2].
The RF system feasibility study for Elettra 2.0 has involved the frequency choice first, the comparison between
Normal Conducting (NC) accelerating cavities versus the
Super Conducting (SC) ones and then the RF power source
technology [3]. Essential milestone was to confirm the RF
frequency even though preliminary investigations on the
“ultimate storage rings” highlight the benefits gained in reducing the RF frequency value [4]. Keeping the operating
500 MHz has been a great asset for the overall cost of the
new Elettra 2.0 project and for the current Elettra facility.
Thanks to this choice the experienced gained running the
Elettra facility and some of the most expensive hardware
will be put to continued use. The “Elettra type” NC cavity
will be re-used also for Elettra 2.0, at least in the first
phase, and the RF transmitters that shall be purchased for
the new facility will be installed to feed also the operating
Elettra RF plants.
____________________________________________
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The Elettra 2.0 storage ring power requirement is evaluated at the highest foreseen energy, 2.4 GeV, maximum
multi-bunch current intensity, 400 mA and at the preliminary estimate of the expected losses, around 600 keV/turn,
as specified in Table 1. Total beam power is therefore
240 kW leading to the following possibilities:
 Four RF independent cavities, as they are already arranged in Elettra but fed by 100 kW each transmitter.
 Four RF independent cavities but with enhanced RF
power amplification using the Additional Power Option (APO) to reach 125 kW for each transmitter.
 Five cavities, one fed by the 150 kW Inductive Output
Tube (IOT) based amplifier and the remaining ones by
the 100 kW transmitters.
Table 1: Elettra 2.0 RF System Options

Parameters

4 RF
Plants

4 RF Plants
APO

5 RF
Plants

Accelerating
1.8
2.4
2.4
Voltage
(MeV)
Overvoltage
3
4
4
Requested
366
464
422
Power (kW)
Available
400
500
550
Power (kW)
Losses per
31.5
56.0
33- 49
Cavity (kW)
2.9
2.1
2.3
 Coupling
RF Ac4
5
5
ceptance %
Synchronous
19.5
14.5
14.5
Phase (deg.)
Five cavities option gives more operating margin in term
of available power and losses per cavity even if adds another full RF plant that means increasing the total electrical
energy consumption and the RF failure’s probability.
Each plant of the RF system includes a RF signal conditioning section, the so-called Low Level RF (LLRF), the
amplification stage, the run between amplifier and final
load and the accelerating cavity (final load). On top of this,
a RF line distribution at low level delivers the proper RF
signal and interlock to all the RF plants.

Accelerating Cavity
The main issue of the “Elettra type” cavity is the High
Order Modes (HOMs) interaction with beam since it does
not host any HOM damper. Any coupled bunch mode
(CBM) instability could spoil the high brilliance achieved
by the emittance reduction. A preliminary investigation has
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VERTICAL TEST OF ESS MEDIUM BETA CAVITIES
A. Bosotti†, M. Bertucci, A. Bignami1, P. Michelato, L. Monaco, R. Paparella, D. Sertore,
INFN–LASA, Segrate (MI), Italy
D. Reschke, A. Sulimov, M. Wiencek, DESY, Hamburg, Germany
1
now at ESS, Lund, Sweden

Abstract

The Medium Beta (β=0.67, MB) section of the European
Spallation Source (ESS) Linac is composed of 36 six-cell
elliptical superconducting (SC) cavities [1]. As a part to the
in kind contribution of Italy to the ESS project, INFNLASA is in charge of the development and of the industrial
production of the whole set of 36 resonators plus two
spares [2].
The production activity is now ongoing at Ettore Zanon
S.p.A. To qualify the cavities, power tests in vertical cryostat have been committed to DESY. During the qualification tests, the cavities provided with He tanks are pushed
to their electromagnetic limits, recording their main parameters such as quality factor Q0 vs Eacc. In this paper we report about the qualification tests performed on the first part
of the cavity production.

INTRODUCTION

Dressed
Cavity

Vertical Cryostat

Counter

FM ext.

During a superconducting cavity qualification test, the
measurement of its electromagnetic parameters at cryogenic temperature (2 K) is done installing the resonator on
a proper vertical insert, whose top flange hosts all the ports
and feedthroughs to connect the instrumentation needed for
the test and a pipe to connect the cavity with the vacuum
pumps [3]. Due to its narrow bandwidth, less than 0.1 Hz
(Q0 is higher than 1010), the cavity must be inserted in a
Phase Locked Loop (PLL) to be tested.

input and transmitted cavity powers. To set up the PLL
working point, i.e. the cavity resonance, to the desired
mode, this phase difference is adjusted until we get maximum accelerated field (Eacc) in the cavity. The envelope of
pulsed reflected power is used in this case. The cavity quality factor is computed acquiring the time constant from the
exponential discharge of the transmitted power envelope.
The conceptual scheme of the DESY cavity test facility is
shown in Fig. 1.
Our MB prototype cavity (MB001) has been developed
and successfully qualified at LASA, where Eacc higher than
22 MV/m (@ Q0 > 5·109) has been reached, when the ESS
requirements are Eacc = 16.7 MV/m @ Q0 > 5·109. At the
ESS goal accelerating gradient, the quality factor was
Q0 ~ 1.5·1010. The MB001 cavity has been then shipped to
CEA and integrated, as part of the four cavities package, in
the M-ECCTD cryomodule demonstrator, this latter also
tested successfully at the end of the last year [4]. Now the
M-ECCTD cryomodule is at the ESS site at Lund (Sweden)
where is being assembled in the ESS LINAC facility to be
re-tested.
After the successful test of the MB001 cavity, INFN contracted Zanon for the production of 38 dressed cavities
(cavity +He tank + ancillaries). Cavities are produced in
groups (lots) of six devices each. Up to now the firm is
producing the cavities of the third lot and the components
of the fourth lot. The required cavity production rate is two
cavities every three weeks. The last cavity is expected by
February 2020. Details of MB cavity production, together
with cavity RF properties, can be found in another paper
presented at this conference [2]. Due to this high rate, that
is over LASA testing capability (one two-cavities test
every three weeks), DESY, under INFN responsibility, performs the cold tests of the 38 cavities with tank in their
adapted Vertical Test Infrastructure at Accelerator Module
Test Facility (AMTF). For this purpose, two 1.3 GHz cavity inserts have been modified to host two ESS MB
704.4 MHz cavities. Few accelerating cavities can also be
tested at LASA facility if needed, as well as cavities presenting criticalities, before their integration in the He tank.

CAVITY SHIPPING TO DESY

Figure 1: Block diagram of DESY RF setup.
The VCO (Voltage Controlled Oscillator, usually a commercial frequency synthesizer) is frequency modulated by
a signal proportional to the phase difference between the
___________________________________________
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Cavity transportation from the factory to DESY is a key
topic. Cavity comes out from the factory with all the ancillaries installed and under vacuum condition, ready to be
installed on the cold test insert. The shipping is by means
of a dedicated (point-to-point) transportation by a standard
Courier Service Company. To avoid damages during this
transportation, a proper box with foam absorbers and provided with soft rubber dumpers supporting the cavity, has
been studied and realized. To monitor the cavity during
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LOW POWER RF TEST OF A QUADRUPOLE-FREE X-BAND MODE
LAUNCHER FOR HIGH BRIGHTNESS APPLICATIONS
G. Torrisi∗ , G. Sorbello1 , L. Celona, O. Leonardi, G. Mauro and S. Gammino
INFN-LNS, Catania, Italy
1 also at University of Catania, Catania, Italy
G. Castorina, Bruno Spataro, INFN-LNF, Frascati, Italy
L. Faillace, INFN-Milan, Milan, Italy
V. Dolgashev, SLAC, Menlo Park, USA

Abstract

In this work we present the low power RF characterization of a novel TM01 X-band mode launcher for the new
generation of high brightness RF photo-injectors. The proposed mode launcher exploits a fourfold symmetry which
minimizes both the dipole and the quadrupole fields in order to mitigate the emittance growth in the early stages of
the acceleration process. Two identical aluminum mode
launchers have been assembled and measured in back-toback configurations for three different central waveguide
lengths. From the back-to-back results we infer the performance of each mode launcher. The low power RF test,
performed at the Istituto Nazionale di Fisica Nucleare Laboratori Nazionali del Sud (INFN-LNS), validate both the
numerical simulations and the quality of fabrication. An
oxygen-free high-conductivity copper version of the device
is being manufactured for high power and ultra high vacuum
tests that are planned to be conducted at SLAC.

MODE LAUNCHER RF DESIGN
The proposed X-band ML design is based on four symmetric sidewall coupling apertures that reduce the converter
length and allow on-axis power coupling of the azimuthally
symmetric TM01 mode. The symmetry of the configuration removes all non-fourfold symmetric modes i.e. dipolar
modes (as the standard mode launcher does) and quadrupole
components [9].
In our case, in order to couple a TM mode, the branching network lays in the H-plane: the adopted original and
compact layout, shown in Fig. 1 and simulated with the Ansys HFSS code [10], keeps the maximum surface electric
and magnetic fields sufficiently low to guarantee multi-MW
delivery (200 MW) to a device of this structure.

INTRODUCTION AND MOTIVATION

The R&D of high gradient radiofrequency (RF) devices
is aimed to develop innovative accelerating structures and
achieve higher accelerating gradient in order to increase brilliance of accelerated bunches. Recent research has shown
that accelerating gradients up to 250 MV/m are feasible using cryogenically cooled copper accelerating structures [1,2].
A high brilliance requires high field quality in the RF photoguns and in its power coupler. Moreover, the higher is the
electric field on the cathode surface of the gun the lower
the beam emittance [3–6]. This lower emittance could be
degraded by the multipole components of the gun electromagnetic fields. In this work we present a novel X-band
power coupler which consists of a TM01 Mode Launcher
(ML) (from the rectangular TE10 mode to the circular TM01
mode [7]), with a fourfold symmetry which minimized both
the dipole and the quadrupole RF components [8]. The device was developed in the frame of the collaboration with
INFN-LNF and SLAC (USA); low power RF measurements,
performed in the framework of the DiElectric and METallic Radiofrequency Accelerator (DEMETRA) activities and
conducted at INFN-LNS, are discussed in the paper. In
particular we will show the low-power-microwave tests of
two identical MLs joined back-to-back. This configuration
∗

allows a direct measurement of S-parameters using a twoport vector network analyzer (VNA), Agilent N5230A 10
MHz-50 GHz, Agilent Technologies.
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(a) side

(b) top

Figure 1: Side and Top view of the longitudinal (beam-axis)
Electric field component Ey of simulated back-to-back MLs.
Details on the TM01 mode launcher feeding layout, the
delay line to match the phase at the sidewall coupling apertures, and matching bumps can be found in [8]. The Hplane branching network has been optimized with a reduced
model [11] which takes advantage of symmetry [11–13] to
reduce the computational domain.

FABRICATION AND
LOW-POWER-MICROWAVE TESTS
Figure 2(a) shows the final assembled identical MLs in
back-to-back configuration. Each ML is composed of two
separate metal aluminum halves: a milled plate where the
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HIGH DENSITY MAPPING FOR SUPERCONDUCTING CAVITIES*
H. Tongu, Y. Iwashita#, Kyoto ICR, Uji, Kyoto, Japan
Y. Fuwa, J-PARC center, JAEA, Tokai, Ibaraki, Japan
H. Hayano, KEK, Tsukuba, Ibaraki, Japan
R.L. Geng, JLAB, Newport News, VA 23606, U.S.A.

Abstract
High density mapping system for superconducting cavities are under development. Testing on the stiffener X-ray
mapping system at JLAB showed consistent results in
comparison with simultaneously taken GM tube or ion
chamber output signals. The system provides better visibility as shown by data briefly reported here. In addition
to the temperature and the X-ray mapping, a sensitive
magnetic field mapping system with high spatial density
is also under development. The magnetic field sensor is
AF755B, whose operations at cryogenic temperatures are
already reported by other group. Our development status
using the magnetic field sensor will be reported.

Figure 1: XT-map unit for a cell.

INTRODUCTION

In order to keep or raise the performance of superconducting cavities, inspection systems take important role
during the fabrication process. We have been developing
high density mapping systems for superconducting cavities. XT-map system is a combined mapping system of
temperature mapping system and X-ray mapping system
with high density [1] (see Fig. 1). The key technologies
are the use of the flexible print circuit and multiplexing
system for the huge number of analogue signals from the
sensors, which eases the installation hence the required
number of wires can be significantly reduced.
The sX-map, stiffener X-ray mapping system, is designed to place similar detector strips under the cavity
stiffener rings, allowing installation without using special
jigs, etc. It can map X-rays in vicinity of the iris area of a
cavity with 32 point azimuthal resolution in one sensor
strip (see Fig. 2). Ten sensor strips are installed on a SC
cavity at JLAB and mapping of the X-rays from the field
emission under a vertical test is carried out. The results
are briefly reported in the next section.
In addition to the temperature and the X-ray mapping
system, sensitive magnetic field mapping system is also
under development. The magnetic field sensor is AF755B,
whose operations at cryogenic temperatures are already
reported by other group [2]. Our development status using
the magnetic field sensor is also reported in the following
section.

TEST RESULTS OF SX-MAP

The sX-map system was installed on the LSF5-1 cavity
(see Fig. 3 left). While the cell shape and the configuration of the stiffener ring are slightly different from those
of a Tesla cavity, four strips could be installed under the
____________________________________________
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Figure 2: sX-map system with ten strips.

Figure 3: sX-map strip installed to cavity LSF5-1 (left).
The ten strip locations are also illustrated (right).
rings near four irises between adjacent cells. One sensor
strip is installed on each flange: top and bottom. Two
strips are installed at the upper beam tube area and one at
the lower beam tube (see Fig. 3 right).
Because of a turbo pump loss subsequent to power failure accident and the foreline scroll pump not working
right at the time, the cavity vacuum was compromised
while it was fully immersed in 4K liquid helium bath,
large quantity of air (up to 61 g in weight) entered into the
cavity from the bottom beam tube. Subsequently the cavity showed lots of field emission starting at a rather low
gradient. X-ray distributions were mapped under this unintended surface-contaminated condition. Because the
current from the sensors are integrated, while the signals
are scanned by the analog multiplexor, the sensitivity of
MC7: Accelerator Technology
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SIMULATIONS OF BEAM LOADING COMPENSATION IN A WIDEBAND
ACCELERATING CAVITY USING A CIRCUIT SIMULATOR INCLUDING
A LLRF FEEDBACK CONTROL
Fumihiko Tamura∗ , Masanobu Yamamoto, Yasuyuki Sugiyama, Masahito Yoshii, Chihiro Ohmori,
Taihei Shimada, Masahiro Nomura, Katsushi Hasegawa, Keigo Hara, Masashi Furusawa
J-PARC Center, JAEA & KEK, Tokai-mura, Japan
Abstract
Magnetic alloy cavities are employed in the J-PARC RCS
to generate high accelerating voltages. The cavity, which
is driven by a vacuum tube amplifier, has a wideband frequency response and the beam loading in the cavity is multiharmonic. Therefore, the tube must generate a multiharmonic output current. An LTspice circuit model is developed to analyze the vacuum tube operation and the compensation of the multiharmonic beam loading. The model
includes the cavity, tube amplifier, beam current, and LLRF
feedback control. The feedback control consists of the I/Q
demodulator including low pass filters, PI control, and I/Q
modulator. In this article, we present the implementation of
the LLRF functions in the LTspice simulations. The preliminary simulation results are also presented. The simulations
fairly agree with the beam test results.
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Figure 1: Simplified block diagram of the vector rf voltage
control.
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INTRODUCTION
Wideband magnetic alloy (MA) cavities [1] are employed
in the rapid cycling synchrotron (RCS) of the Japan Proton Accelerator Research Complex (J-PARC) to generate
high accelerating voltages. Because of the wideband frequency response [2], the multiharmonic beam loading must
be compensated for high intensity beam acceleration. The
MA cavity is driven by a vacuum tube amplifier, which outputs the multiharmonic compensation signal as well as the
driving rf signal. The tube operation under heavy beam
loading is not trivial.
To analyze the vacuum tube operation, we developed the
LTspice [3] circuit models of the cavity, amplifier, and multiharmonic vector rf voltage control [4], which generates the
compensation and driving rf signals.
In this article, the modeling of the digital circuits in the
vector voltage control is described. The preliminary simulation results are compared with the beam test results.

CIRCUIT MODEL OF VECTOR RF
VOLTAGE CONTROL
A simplified block diagram of the vector rf voltage control for a single harmonic is illustrated in Fig. 1. The digitized cavity gap voltage is fed to the I/Q demodulator, where
the signal is multiplied by cosine and sine signals generated by the numerical controlled oscillators (NCO), and after the lowpass filter (LPF), the complex (I/Q) amplitude of
∗
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Figure 2: Block diagrams of the digital lowpass filters.
(Top) CIC filter and (bottom) leaky integrator.

the cavity gap voltage is obtained. It is compared with the
I/Q setpoint and the proportional and integral (PI) controller
block generates the compensation signal in the baseband.
The output signal Vout is generated by the I/Q modulator as
Vout = IPI cos(hn ωrev t + φ ′) + QPI sin(hn ωrev t + φ ′), (1)
where IPI and QPI are the compensation signals from the PI
controller, ωrev is the revolutional angular frequency, and hn
the selected harmonic. With proper setting of the phase offset φ ′ between the I/Q demodulator and modulator, which is
picked up from the lookup table (LUT) using the frequency
signal for address of the LUT, the phase of the 1-turn transfer function satisfies the condition to close the feedback.
The response of the LPF determines the performance of
the feedback. The CIC (cascaded integrator and comb) filter
and the leaky integrator (LI) are implemented in the system.
The block diagrams of the filters are shown in Fig. 2. The
CIC filter consists of the integrator, resampler, and comb
filter. The filter can be cascaded to obtain more attenuation
in high frequency region. The transfer function of the CIC
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ELECTROMAGNETIC DESIGN AND CHARACTERIZATION OF AN
S-BAND 3-CELL RF ACCELERATION CAVITY
G. R. Montoya-Soto†, Universidad de Guanajuato, León 37150, México
B. Yee-Rendon, JAEA J-PARC Center, Tokai, Ibaraki 319-1195, Japan
C. Duarte-Galvan, C. A. Valerio-Lizarraga,
Universidad Autónoma de Sinaloa, Culiacán 80000, México
Abstract
An S-Band (2998 MHz) Radio Frequency (RF) cavity to
accelerate electrons was developed taking into account the
beam space charge, the relativistic change in velocity of the
low energy beam particle distribution through the cavity,
and the emittance growth. The electromagnetic design and
geometry optimization were done using the codes Poisson
Superfish (PSF) and CST Studio (CST). In addition, beam
dynamics simulations were done using the program Travel
to optimize the emittance and take into account the space
charge effect.

This is a preprint — the final version is published with IOP

INTRODUCTION
In recent years, Mexico has promoted the development
of particle accelerators [1] for industrial applications and
the development of fundamental research [2]. The 3-cell
RF cavity has been studied for several applications in electron accelerators [3,4]. This work presents the design of 3cell RF cavity which takes into account the beam dynamics
evolution along the cavity, to improve the acceleration efficiency and keep the emittance growth controlled.
A low emittance beam is essential to enhance the capabilities of the machine in the next acceleration stages,
where the beam acceptance can be limited, especially when
the goal of this 3-cell RF cavity is to fit a broad range of
accelerator applications as synchrotron radiation e-linac,
industrial accelerators, and free electron lasers.
The selected RF cavity design is a 3-cell cavity that accelerates the electron beam using the S-Band frequency
(2998 MHz) in the π/2 mode to accelerate in a stable condition.
In order to improve the acceleration efficiency, the design takes into account the electron beam average velocity
within the system to set the cavity length, instead of the
classical half cell approach [5]. This work reports the electromagnetic design, mechanical design, manufacturing,
resonance frequencies measurements, and beam dynamics
simulations of the 3-cell RF cavity.

The simulation codes used were Poisson Superfish (PSF)
[6] and CST Studio (CST) [7] for 2D and 3D electromagnetic models, respectively.
The dimension of each cell was calculated considering
the increase in the energy of the electrons [8]. From the
results of the simulations, the electric fields and resonance
frequencies were compared for modes zero, π/2 and π. The
main parameters of the designed cavity are shown in
Table 1.
Table 1: Main Parameters of the 3-cell RF Cavity
Parameter
Input Beam Energy
Design Frequency
Acceleration Gradient
Quality Factor
Transit Time Factor
Shunt Impedance
R/Q
Beam Pipe Radius
1st Cell β
2nd and 3rd Cell β
Distance Between Cells

Values
100 keV
2998 MHz
6.048 MV/m
20582
0.485
6.1153 MΩ
297 Ω
1 cm
0.55
0.70
0.41 cm

Once the electromagnetic study and the optimization of
the cavity geometry had finished, the mechanical design
was continued in the Inventor Autodesk program [9]. For
machining reasons, the cavity was built in four pieces
which were later joined, and for reduction of costs, the cavity models were made of aluminum. The fabrication was
done in a Computer Numerical Control machining center.
Figure 1 shows the simulated and machined parts.

METHODOLOGY
The first step in the construction of this 3-cell RF cavity
was the electromagnetic design. This study allowed us to
know the behavior of electromagnetic fields within the cavity and thereby modify the geometry to optimize the RF
electric field of acceleration.

___________________________________________
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Figure 1: Mechanical design (a) and machining (b).
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ELECTROMAGNETIC DESIGN OF THE LOW BETA CAVITIES FOR
THE JAEA ADS∗
B. Yee-Rendon† ,Y. Kondo, F. Maekawa, S. Meigo, J. Tamura,
JAEA J-PARC Center, Tokai, Ibaraki 319-1195, Japan
SIMULATIONS

Abstract

The Japan Atomic Energy Agency (JAEA) is designing a
superconducting CW proton linear accelerator for the ADS
project. The superconducting region will use five types of
radio frequency cavities. In the region from 2 to 180 MeV
the acceleration will be done using Half Wave Resonator
(HWR) and Single Spokes (SS) cavities. HWR cavities will
accelerate the beam from 2 to 10 MeV with a geometrical
beta of 0.08 and the SS ones will do from 10 to 180 MeV
using two cavity families with geometrical betas of 0.16
and 0.43. The results of electromagnetic model design are
presented and the comparison with similar cavities from
other projects are included.

The low beta cavity models were developed using as a
baseline the literature suggestions as well the designs of
similar projects [2,3,7–11]. Based on the works presented by
Mustapha [8], HWR and SS model share common features
in the geometry, the parametrization of the low beta cavity
geometries are presented on left side of Fig1. Additionally,
other work from Mustapha [9] pointed out the importance of
inner center conductor geometry for the cavity performance,
thus, an elliptical torus shape was adopted to this end by all
the models (See right side of Fig1).

INTRODUCTION

The Accelerator Driven Subcritical System (ADS) designed by Japan Atomic Energy Agency (JAEA) will require
a superconducting CW proton linac to achieve a final energy
of 1.5 GeV with a beam current of 20 mA [1]. In the last
part of the acceleration, the so-called high beta region, is
clear that the use of elliptical cavity is the best candidate for
that task. However, for the low energy (low beta) exits several candidates: Quarter-wave resonators (QWR), Half-wave
resonators (HWR), Single Spoke (SS) [2, 3].
JAEA linac staff has a large experience with 324 MHz
cavities, thus, it was decided to operate with multiples and
submultiples of that frequency [4]. The initial operation
frequency of 162 MHz was chosen to mitigate the transverse
RF defocusing [5]. Consequently, HWR cavity (operating
at 162 MHz) was selected to start the superconducting section, after that SS cavities with a frequency of 324 MHz and
finally Elliptical cavities at 648 MHz. Table 1 shows a summary of the superconducting cavities families selected for
the JAEA-ADS project, the details of the cavity selection
are discussed elsewhere [6].
Table 1: Parameters of the Superconducting Cavities
Cavity

Half Wave Resonator (HWR)
Single Spoke 1 (SSR1)
Single Spoke 2 (SSR2)
5-cell Elliptical 1 (EllipR1)
5-cell Elliptical 2 (EllipR2)

∗
†

Frequency βg
[MHz]
162
324
324
648
648

0.08 2-10
0.16 10-35
0.43 35-180
0.68 180-500
0.89 500-1500

Work supported by Subvention for ADS development.
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Energy
Range
[ MeV]

Figure 1: Parametrization of the low beta cavity geometries.
On the left: a) HWR and b) SS. On the right, the inner
center conductor geometry. Table 2 gives a definition of the
acronyms and the final geometries values.
In addition, Facco provided excellent guidelines for the
design of low beta cavities [3] which helps us to setup the
performance goals for the cavities. The conditions are:
• The Transit Time Factor (TTF) described by
TT F(β) =
ge f f =

πge f f
βλ
πge f f
βλ

Sin(

) 2πIT Z
βλ

p
(N S − IT Z)2 + (2RBP)2

(1)

(2)

where ge f f is the effective gap, Nose Start (NS), Radius
Beam Pipe (RBP), Internal Torus Z (ITZ) is the distance
from the center of the cavity to the gap , λ is the ratio of
the speed of the light and the cavity frequency [3, 10].
TTF must be higher than 0.7.
• The maximum electric peak in the surface of 60 MV/m
and a maximum surface magnetic field of 120 mT.
The TTF condition provides relations between the gap
length of the cavity (NS-ITZ), the beam pipe radius and
the frequency. In particular this defines ITZ, NS, RBP, the
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DESIGN OF THE ELLIPTICAL SUPERCONDUCTING CAVITIES
FOR THE JAEA ADS∗
B. Yee-Rendon† ,Y. Kondo, F. Maekawa, S. Meigo, J. Tamura,
JAEA J-PARC Center, Tokai, Ibaraki 319-1195, Japan
Abstract
The superconducting CW proton linear accelerator for
an Accelerator Driven Subcritical System (ADS) proposed
by Japan Atomic Energy Agency (JAEA) employs elliptical
cavities for the final acceleration of 180 MeV to 1.5 GeV.
Since this energy region implies a changed of β from 0.55 to
1, two cavity models were developed using the geometrical
betas of 0.68 and 0.89 to improve the acceleration efficiency.
The study of the electromagnetic design was simulated using
SUPERFISH (SF) code and python program to do variable
scan, the results were benchmarked with CST Microwave
Studio program (CST).

INTRODUCTION

This is a preprint — the final version is published with IOP

The superconducting CW proton linac is a fundamental
component of the Accelerator Driven Subcritical System
(ADS) proposed by Japan Atomic Energy Agency (JAEA)
[1]. The requirements of high beam power and CW operation support the use of superconducting cavity as the best
candidate for this task , additional, to achieve the final energy
of 1.5 GeV, the use of elliptical cavities represents the clear
choice.
The selection of cavity types as well as the numbers of
cells per cavity was based on similar project [2]. The number
of superconducting families and their energy range operation
were decided to achieve the maximum voltage gain per cavity
(assuming sinusoidal electric fields and a fix synchronous
phase of 30 °) and smooth transition between cavities (See
Fig. 1). Table 1 shows a summary of the superconducting
cavities families selected for the JAEA-ADS project.

Figure 1: Voltage gain per cavity as a function of relativistic
beta for the JAEA-ADS project.
∗
†
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Table 1: Parameters of the Superconducting Cavities
Cavity

Frequency βg Energy range
[MHz]
[ MeV]

Half Wave Resonator (HWR)
Single Spoke 1 (SSR1)
Single Spoke 2 (SSR2)
5-cell Elliptical 1 (EllipR1)
5-cell Elliptical 2 (EllipR2)

162
324
324
648
648

0.08
2-10
0.16
10-35
0.43 35-180
0.68 180-500
0.89 500-1500

SIMULATIONS
The 5-cell multicell elliptical cavity geometry was developed by using the programs SUPERFISH (SF) [3] and
python [4] for the two-dimensional (2D) models and CST
Microwave Studio (CST) [5] for the three-dimensional (3D)
ones. The parametrization of the half elliptical cell is described in Fig. 2.
Using the common method for designing multicell elliptical cavities, the inside cell (the cell that is surrounded by
other cells) and the end cell were designed with different geometries [6–10]. The reason is the change in the boundaries
symmetries in the end cell due to connection with the beam
pipes. This affects the flatness of the electric fields between
cells, thus, the end cell geometry is adjusted to compensate
that effect and keep the cavity frequency.
The criteria to choose the parameter values is described
next:
• inside cell:
– The cell length is defined as
βg c
L=
,
(1)
4f
where βg is geometrical beta, c is the speed of
light and f the frequency.

Figure 2: Parametrization of the half cell geometry. R is the
cavity radius, L half of the cell length, r is beam pipe radius,
A and B are the semi-axis of the ellipse dome, a and b are
the semi axis of the ellipse iris and α is the wall angle.
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COMMISSIONING OF RF SYSTEM OF THE 200 MeV PROTON CYCLOTRON
G. Chen†, G. Liu, Y. Zhao, Z. Peng, ASIPP, Hefei, China
X. Zhang, C. Chao, X. Long, C. Yu, CIM, Hefei, China
O. Karamyshev, G. Karamyshev, G. Shirkov, JINR, Dubna, Russia
A. Caruso, L. Calabretta, LNS-INFN, Catania, Italy
Abstract
The SC200 superconducting accelerator which is designed for proton therapy is currently under construction.
The RF (Radio Frequency) system has been designed and
constructed as a subsystem of the SC200. To verify the stability of the RF system, a high-power feeding test was performed for the cavity. This paper mainly reports on the
overview of RF systems and the preliminary high-power
commissioning, as well as the problems found and improvements made during the commissioning process. The
results show that the RF system has initially achieved the
designed goal, and each loop (amplitude, tuning, phase)
can work effectively. The cavity can operate in a ~50 kW
continuous wave state. Next, the formal RF conditioning
will be carried out after the complete assembly of cyclotron, so as to confirm the cavity can run smoothly under 80
kW, which is part of the whole commissioning process.

INTRODUCTION

This is a preprint — the final version is published with IOP

The 200 MeV isochronous Superconducting Cyclotron
(SC200), which is an international joint research project, is
currently under construction. The radio frequency (RF)
system, as the significant component of the accelerator, is
designed to provide a specific frequency of electric field
for the protons and maintain the stability of the acceleration
voltage. The cavities were located at valleys of the magnet
in Figure1. The RF cavity is designed into double cavities,
with second harmonic acceleration, a resonant frequency
of 91.5 MHz, feeding power at 80 kW, and 60kV (Center)~120 kV (Extraction) accelerating voltage [1-3].

To verify the stability of the RF system, a high-power
commissioning has been performed for the cavity. The
overview of the preliminary high-power commissioning is
introduced in this paper, as well as the current status of RF
conditioning. Some issues have been found in the highpower test, and the related solutions were developed for RF
system. The formal RF conditioning will be carried out after the complete assembly of cyclotron in future work.

HIGH-POWER TEST FOR RF SYSTEM
A high-power (∼50 kW) test has been made for the prototype SC200 cyclotron. The main components of SC 200
are assembled as shown in Figure 2. Both ion source and
superconducting coil were able to work properly. A cold
test (test without power) has been done before the highpower test in Table 1. The main parameters of RF cavity
meet design requirements. The current of superconducting
coil was 140 A and the magnetic field strength of the magnet was ~3 T in the high-power test. The strong field contributes to reduce the risk of multipactor in cavity [4]. So
that higher power can be fed into the cavity. The cooling
water around RF cavity ensures a low temperature for RF
cavity. The pressure of cooling water is 5.5 MPa.

Figure 1: Assembled RF cavity in valleys.
____________________________________________
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Figure 2: SC200 cyclotron host for the high-power test.
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SRF TRIP CAUSED BY THE TUNER IN BEPCII*
J.P. DaiЪ, Z.H. Mi, P. Sha, Y. Sun, Q.Y. Wang, L.G. Xiao, IHEP, Beijing, China

Abstract

The stability and reliability of the Superconducting RF
system (SRF) is generally a key issue in a large scale
accelerator such as Beijing Electron Positron Collider II
(BEPCII). In the past several years, SRF is one of the
main factors limiting the availability of BEPCII, and
many efforts have been made to fix the SRF troubles.
This paper focuses on the details of the SRF trip caused
by the tuner, which is one of the most persistent troubles
and figured out till the summer of 2018.

INTRODUCTION

With the advantages of higher accelerating gradient,
larger beam pipe and lower RF power consumption, a
Superconducting RF system (SRF) has been used in Beijing Electron Positron Collider II (BEPCII) and worked
successfully for more than ten years [1]. Yet, the stability
and reliability of SRF is not so high and the downtime
caused by SRF is one of the main factors limiting the
availability of BEPCII [2]. As an example, Figure 1
shows the downtime distribution of BEPCII in the run of
collider mode from November 2017 to June 2018. It may
be seen that about one-quarter of the downtime is due to
the SRF trips [3].
BI, 2.1%
Control,
3.8%
PS, 15.0%

Magnet,
7.8%

Crygenic,
20.0%
Vacuum,
0.6%
Operator,
0.9%
Unknown,
1.5%
BES, 10.5%

SRF, 24.4%

Linac,
1..3%

the high power parts, the outgassing and/or the arc of the
SC cavities and the interlock of the cooling water and/or
air.
The second one is a 16-channel oscilloscope manufactured by YOKOKAWA. This oscilloscope may record at
most 16 signals such as the beam current, the accelerating
voltage, the loading angle, the forward and reflected RF
powers, et al. And, with the trigger function, the oscilloscope can record and show graphically the micro-second
scale variations of these signals. By observing the time
sequence of the variations of the beam current and the
accelerating voltage, it could be distinguished preliminarily which one is the cause of the beam trip, the SRF trouble or the beam loss.
The third one is a bunch-by-bunch BPM system built
by BI group. With this system, the cause of the beam trip
can be clarified further. Many beam trips have been analysed using the second and third equipment, and the results agree well with each other.
Among the SRF trips, one kind of trip caused by the
tuner is the most persistent trouble, and the details will be
discussed in the following sections.

TUNER OF BEPCII SRF SYSTEM
The tuning system is an essential part of SRF system to
adjust the cavity resonant frequency to the RF frequency
during beam operation so as to have a perfect transmission of RF power to the beam. It usually consists of a
tuner and tuning loop.
BEPCII adopts a KEKB-type tuner, stretching the cavity to adjust its resonant frequency. Figure 2 is the schematic diagram of the BEPCII tuner [4, 5].

Infrastruc,
12.0%

Figure 1: Downtime distribution of BEPCII from November 2017 to June 2018.
The SRF system of BEPCII is a very complicated system, and its trips may come from the beam loss, the failure of the high power RF parts, the outgassing and/or the
arc of the SC cavities, the oscillation of the LLRF loops,
the interlock of the cooling water and/or air, and so on. To
analyse the SRF trips and then reduce the trip rate, the
appropriate detection, record and even specialized experiments are needed.
Three types of equipment are of equipment are routinely used to detect and record the SRF trips in BEPCII. One
is the control system of the 250kW power transmitter.
This system is well developed by THALES and may
record most of the trip causes, especially those come from
___________________________________________
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Figure 2: The schematic diagram of the BEPCII tuner.
In practice, the cavity is tuned on the basis of the measured loading angle < L , between the klystron current and
the cavity voltage.
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SUPERCONDUCTING ELLIPTICAL CAVITIES DEVELOPED IN IMP FOR
THE CiADS
Y. Huang †, S.H. Liu, L.B. Liu, S. Zhang, T. Jiang, R. Wang, R. Huang, T. Tan, Z. Wang, S. Zhang,
Y. He, Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China
Abstract
Multicell superconducting radio frequency (SRF) elliptical cavities are proposed for efficient acceleration of
proton beam in the Chinese initiative Accelerator Driven
Subcritical System (CiADS). Two families of such cavities will be used in the driver SRF Linac, the first family
corresponding to βopt=0.62 cavities that will be used to
accelerate the H+ beam from 175 MeV to 377 MeV and
the second family corresponding to βopt=0.82 cavities that
will accelerate the H+ beam from 377 MeV to 500 MeV,
with the possibility to upgrade to 1 GeV and higher. The
electromagnetic optimization of the cavities with the
HOM, wakefield and multipacting analysis will be discussed in this paper.

The iris radius risis was fixed to 50 mm for both 062
and 082 cavities due to beam dynamics requirements; the
wall angle alpha was selected to be 2 degree for both
cavities as a balance of RF performance and mechanical
performance, also with the consideration of the present
post-processing techniques; the half-cell lengths L are
determined by the optimum β of two cavities; the equator
radius D were adjusted to tune the frequencies to the
targets. Then three independent parameters A, B, b were
swept in large ranges for both cavities, and the contour
plot of the G*R/Q verse Epk/Eacc and Bpk/Eacc were plotted
in Fig.2. The design points for the middle cells were arrow pointed in the figure. The end cells for both cavities
were further optimized to get the required field flatness
and also for HOM propagation.

INTRODUCTION
CiADS is a multi-MW proton source based on a superconducting linac (SCL) which composed of 162.5 MHz
half wavelength resonators (HWR010 and HWR019),
325 MHz spoke resonators (DSR042), and 650 MHz
elliptical cavities (LB650_062 and HB650_082) [1]. With
the successful operation of the 25 MeV demo facility [2]
and the design and test of a double spoke cavity [3], key
technologies to operate a SCL with HWR and spoke cavities have been demonstrated, such as the cavity design
and optimization, industry fabrication and frequency
control, post processing and assembly, online operation
and LLRF control, et al. Prototypes of the LB650 and
HB650 cavities and cryomodules are currently under
development for the CiADS 500 MeV initial facility.

GEOMETERY OPTIMIZATION
The elliptical cavity can be parameterized with the geometrical parameters shown in Fig.1. The goal of the
geometry optimization is to achieve higher G* R/Q thus
lower cryogenic losses and at the same time keep the ratio
of Epk/Eacc and Bpk/Eacc as low as possible.

Figure 2: Contour plot of the G*R/Q verse Epk/Eacc and
Bpk/Eacc for LB650 (left) and HB650 (right) cavities.
The choice of the cavity cell number is a balance of the
acceleration efficiency, cavity acceptance and extraction
of the HOM modes. With the consideration of matching
between different cavity structures and the possibility to
keep the lengths of cryomodules to be the same，which is
6 m in our design, LB650_062_6cell scheme and
HB650_082_5cell scheme were adopted, as shown in
Fig. 3.

Figure 1: Schematic of the half-cell of an elliptic cavity.
____________________________________________
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Figure 3: Electric and magnetic field distribution of the
6 cell LB650_062 and 5 cell HB650_082 cavities.
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STUDY ON THE DESIGN OF THE X-BAND WAVEGUIDE-DAMPED
STRUCTURE*
X.X. Huang†, SSRF, Shanghai Advanced Research Institute, CAS, Shanghai, China
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Abstract
The design of waveguide-damped structure is optimized
to reduce the magnitudes of surface electromagnetic fields
and strongly suppress long-range transverse wakefields of
the 380 GeV Compact Linear Collider facility currently under study. The optimization is mainly discussed with the
elliptical shape of the iris, the wall shape of the damping
waveguides, the position of the high-order-mode damping
loads and the widths of the waveguide openings of the entire sequence of damping waveguides.

INTRODUCTION

The Compact Linear Collider (CLIC) facility is currently
under study by the European Organization for Nuclear Research (CERN). It is envisioned as a three-stage accelerator
that aims to achieve a 3 TeV center-of-mass collision energy in the final stage [1]. In particular, the first stage of the
accelerator structure, denoted as the CLIC380, is envisioned to accelerate electron and positron beams up to a
centre-of-mass collision energy of 380 GeV with an average acceleration gradient of 72 MV/m [2]. The CLIC380 is
an X-band 2π/3 mode structure and composed of damping
waveguide cells that are each terminated by damping loads
for absorbing high-order modes (HOMs). The CLIC380
functions in the multi-bunch operation mode and the wakefield effect is strong. Thus, the CLIC380 structure requires
suppression of the magnitudes of both surface electromagnetic fields and long-range transverse wakefields.
To reduce the magnitudes of surface electromagnetic
fields, we have optimized both the elliptical shape of the
iris and the wall shape of the damping waveguides. Meanwhile, in order to strongly suppress long-range transverse
wakefields and maintain the stability of the beam, we adopt
linearly decreasing on the widths of the waveguide openings of the entire sequence of damping waveguides in the
direction of beam propagation. We also studied on the position of the HOM damping loads in the waveguide structure to make the damping waveguide structure more compact while satisfying all design targets. For the CLIC380
structure, the transverse kick should be below 3.4
V/pC/m/mm at the distance between each two bunches. A
new enhance factor is introduced to diagnose the multibunch enhancement on transverse wakefields, which is detail discussed at third section. Meanwhile the enhance factor is below 5 and the temperature rise is less than 40 K.
___________________________________________

* Work supported by the National Natural Science Foundation of China,
No. 11675249
† email address: huangxiaoxia@sinap.ac.cn

WEPRB034
2886

GEOMETRY OF THE DAMPING WAVEGUIDE CELL
As illustrated in Fig. 1, the radius of the iris aperture a
and the thickness of the iris d are crucial geometrical parameters that affect the group velocity, radio frequency
(RF) efficiency and wakefield characteristics of the beam
[3]. Nonetheless, the width of the waveguide opening iw
and the waveguide width w are important free parameters
that can be adjusted for optimizing the design of the damping waveguide cell. In addition, the shape factor e of the
elliptical iris, which is illustrated in the longitudinal section
of the iris in Fig. 1, is variable, and the radius of the cavity
b is adjusted to meet the 11.994 GHz frequency requirement. All other parameters can be set as constant values in
every cell.

Figure 1: Geometry of the damping waveguide cell.
The maximum gradient is limited by the surface electromagnetic field, and can be modified by adjusting the Poynting vector Sc [4] and the temperature increase ΔT at the
cell wall due to pulse surface heating. As shown in Fig. 2,
the maximum value of Sc is at the iris tip, and the maximum value of the magnetic field Hs, which is used to calculate ΔT, occurs at the cell wall. Here, the distribution of
Sc along the iris edge is largely dependent on the value of
e. The optimal geometrical shape of the cell wall can be
determined by adopting the following fourth order polynomial function [5]:
2
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Here, an optimal selection of A0, A2, b and iw can remove
irregularities in the distribution of Hs, and thereby control
the pulse surface heating. This discussion is illustrated by
plots of the Sc obtained along the iris edge with different
values of e shown in Fig. 3(a), and plots of the Hs obtained
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DEVELOPMENT OF EP SYSTEM AT IHEP*
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Abstract
Electropolishing (EP) is a necessary technology for
high quality cavities including both high accelerating
gradient and high quality factor cavities, which will be
used for several future large projects such as CEPC,
Shanghai hard X-ray FEL, ILC, and so on. An EP system
was development at IHEP, CAS. In last years, we finished
all the engineering design and fabrication including
functional circulation loops design, system parameters
choices, key equipment choice or design, components test
and fabrication. According to the functions of various
components, the whole system were divided into three
main units: electrolyte mixing, acid solution and
mechanical platform, and several key components such as
rotation sleeves, DC power supply and so on. Since the
system is designed for both R&D and mass production,
several characteristics comparing with those in other labs
in the world can be realized, including dozens of solution
circulations, electrolyte mixing, new and old acid
separation, cavity outside water cooling, cathode vertical
assembly, and compatible for several types of cavities. We
will report them in this paper.

INTRODUCTION

After SRF cavity was fabricated, usually a so-called
150 μm damage layer need to remove. Normally, there are
two methods. One is BCP, and another is EP. For BCP, the
operation is simple, and polishing rate is faster comparing
with EP. However, the performance of BCP treated cavity
will have a lower threshold. Taking 1.3 GHz cavities for
example, usually the gradient of BCP treated cavities will
be 25 MV/m while it can be 35 MV/m if EP used. So, EP
as a critical surface treatment was widely developed in the
world [1]. And became a standard procedure of ILC
project.
What is more, in recent years, EP also shows the
importance in N-doping technology for High Q0 studies,
which was adopted by LCLS-II [2] and is also an
important candidate for future projects like CEPC,
Shanghai XFEL. Besides, for Future Circular Collider
(FCC) project, a new EP facility is also under fabrication
for copper surface treatment which will be used as
substrate for Cu/Nb cavities [3].
However, although SRF was developed several decades
in China, especially resent study on N-doping, we do need
an EP system working for those researches. So, we would
like to develop an EP system at IHEP. It will has two
___________________________________________
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purposes, R&D and mass production.
As we know, there are two kinds of EP in the world.
One is horizontal EP (HEP), and the other is vertical EP
(VEP). For VEP, it is developed in recent years, and has
many advantages HEP system, like the system cheap,
efficient, easy operation, less space occupation,
compatible with HPR, and so on. However, VEP still
belongs to state-of-the-art technology. Since one of our
purposes for build the system is for mass production like
Shanghai Hard XFEL, at last we choose the horizontal EP.
In the other hand, since we still have some R&D
program like CEPC, besides 1.3 GHz cavity, we also need
to study lower frequency cavities, like 650 MHz, we need
the system can be compatible for those different cavities.
The following are the types the system can work for:
1) 500 MHz single cell cavities;
2) 650 MHz 1-cell to 5-cell cavities;
3) 1.3 GHz 1-cell to 9-cell cavities.

MAIN COMPONENTS OF SYSTEM
When we investigated the companies to build the
system, we found since there is large difference between
mechanical part and solution part, the system has to be
divided for related supplier. At last, following units are
separated from the system to look for suppliers.
1) Mechanical rotation and turning platform;
2) Electrolyte preparation and equipment cleaning
unit;
3) Solution circulation and temperature control unit;
4) Other critical components, including rotation
sleeves, power supply, automatic control system,
pure water system, nitrogen gas unit, and so on.

Mechanical Rotation and Turning Platform
Figure 1 shows a 3D model of mechanical rotation and
turning platform. It provides a support for cavities in EP
process. The mainly function are as following:

Rotation when cavity at horizontal;

Switchable between horizontal and vertical;

Cathode assembly in vertical direction;

Power connections;

Automatic Control;
When a cavity is in polishing process, they will rotate
at horizontal direction for a uniform polishing and gas
out. The rotation speed can be well controlled.
Before a cavity start polishing, it need in a vertical
direction for cathode assembly. It is because that it is very
easy to damage the surface of the cavity if a thin and long
bar is assembled in horizontal direction.
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TUNING OF A TAPERED RIDGE-LOADED WAVEGUIDE COUPLER FOR
A DRIFT TUBE LINAC OF THE COMPACT PULSED HADRON SOURCE
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Abstract
This paper presents the tuning result of a tapered ridgeloaded waveguide coupler for the drift tube linac (DTL) of
the compact pulsed hadron source (CPHS) at Tsinghua University. The coupler has been designed, manufactured, and
mounted on the DTL cavity for the cold measurement and
tuning. The iris diameter of the coupler which is related to
the coupling coefficient needs to be determined in the tuning experiment, due to the difference between the designed
and measured quality factors. Meanwhile, we found that
the relationship between the coupling coefficient and iris
diameter from the traditional analytical design method is not
applicable when the iris diameter is relatively large. In this
paper, the target coupling coefficient is analyzed, and the
limit of the original analytical design is presented. The measurement method is introduced to improve the measurement
efficiency and the tuning process of the coupling coefficient
to the target value is described. After several iterations, the
coupling coefficient is tuned to 1.54 which is close to the
desired value of 1.56.

This is a preprint — the final version is published with IOP

INTRODUCTION
The compact pulsed hadron source (CPHS) is a multipurpose scientific research platform designed and constructed in the past 10 years at Tsinghua University [1]. It
consists of an ECR ion source (IS), a low energy beam transport section (LEBT), a radio frequency quadrupole (RFQ)
linac, a drift tube linac (DTL), a high energy beam transport
section (HEBT), a neutron target station and four neutron
beam lines. The proton beam is accelerated from 50 keV to
13 MeV by the RFQ and DTL. The radio frequency (RF)
power is generated by a klystron-based RF power source and
fed into the RFQ and DTL through a tapered ridge-loaded
waveguide coupler respectively. The coupler was designed
by the analytic calculation and verified by the 3D electromagnetic field simulation [2]. The tuning and cold test of the
waveguide coupler for the RFQ was carried out in 2013 [3].
The iris diameter was tuned to acquire an appropriate coupling efficiency. After tuning, the iris diameter was set to 12
mm while the designed value was 14 mm.
However, researchers from CSNS pointed out that the
analytic theory does not work when the iris diameter is larger
than 15 mm, and the simple simulation model is not accurate
enough [4]. We also met this problem during the coupler of
∗
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the DTL was tuned. This paper presents the tuning process
and result of the DTL coupler.

TARGET COUPLING COEFFICIENT
The coupling coefficient 𝛽 is defined as
𝛽=

𝑄0
𝑃
= 𝑒
𝑄𝑒
𝑃0

(1)

where 𝑄0 and 𝑄𝑒 are the unloaded and external quality factors of the DTL, 𝑃0 and 𝑃𝑒 are the inside-cavity power loss
and external power loss, respectively [5]. To ensure that the
coupling status is critical coupling, the relationship between
the power losses should satisfy
(2)

𝑃𝑒 = 𝑃0 = 𝑃𝑏 + 𝑃𝑐

where 𝑃𝑏 is the beam power, and 𝑃𝑐 is the wall power loss
of the cavity.
In other words, the unloaded coupling coefficient should
be adjusted to
𝑃 + 𝑃𝑐
𝛽′ = 𝑏
(3)
𝑃𝑐
During the design process, the target coupling coefficient
𝛽 is approximately 1.72 in the condition 𝑄0 = 43 000, 𝑃𝑐
= 694 kW and 𝑃𝑏 = 500 kW. Nevertheless, the measured
𝑄0′ is about 34 000 after all the aluminum components were
replaced by copper ones and all the RF seals were strengthened [6]. Suppose that the stored energies in two same
structures are equal, the experimental wall power loss 𝑃𝑐′
can be estimated by:
𝑃𝑐′ =

𝑄0
𝑃
𝑄0′ 𝑐

(4)

where 𝑄0 = 𝜔𝑈/𝑃𝑐 , 𝑈 is the stored energy, and 𝜔 is the
resonant angular frequency.
From Eq. (3) the target coupling coefficient for the tuning
is obtained to be 1.56.

MEASURING METHOD WITH 𝜆𝑔 /4
WAVEGUIDE
During the measurement process, the coaxial-waveguide
converter (CWC) was adopted, because the vector network
analyser (VNA) measurement port is coaxial.
Since it would be time-consuming if the self-reflection
vector of the CWC and the port-reflection vector of the coupler were measured each time when the iris was enlarged.
Therefore, a measurement method with 𝜆𝑔 /4 waveguide was
proposed.
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Abstract
Recently, a new C-band (5712 MHz) compact spherical
radio frequency (RF) pulse compressor was designed and
tested for Shanghai Soft X-ray Free Electron Laser Facility
(SXFEL). This pulse compressor utilizes one high Q0
spherical RF resonant cavity that works with two TE1,1,3
modes and a dual-mode polarized coupler. The peak power
multiply factor is 6.1 and average power gain 3.8 in theory.
During the high power test, a peak power multiply factor
of 5.74 and average power gain of 3.77 was achieved. This
paper presents the RF measurement of the C-band spherical pulse compressor and the high power test results.

been carried out in references [5, 6]. In this paper, we present the results of RF measurement and high power test.

RF MEASUREMENT
The pulse compressor’s performance of RF parameters
was measured before and after brazing using a vector network analyzer to ensure the machining parameters were
correct.

Coupler

INTRODUCTION

The first stage (Phase-Ⅰ) of Shanghai Soft X-ray Free
Electron Laser facility (SXFEL) was accomplished in 2017
with electrons successfully accelerated to 0.84 GeV. In the
main accelerating section, the C-band SLED-type pulse
compressors [1, 2] played a significant role in multiplying
the input power of accelerators. However, due to its two
large resonant cavities, SLED is relatively large. Moreover,
SLED requires two supplementary advanced chillers for
the two cavities, which makes it uneconomical and complicated. Currently, the SXFEL linac energy is being upgraded to 1.5 GeV (Phase-Ⅱ) by cascading more C-band
accelerating structures. In Phase-Ⅱ, pulse compressors are
still needed because of its high cost performance.
In 2014, A new pulse compressor based on only one
spherical cavity was proposed and developed for the Linac
Coherent Light Source (LCLS) X-band linac linearizer at
SLAC [3, 4]. This compact spherical pulse compressor
scheme employed one spherical cavity with two polarized
spherical TE1,1,4 modes and a dual-mode polarized coupler.
Based on this design, the resonant frequencies of the two
polarized modes can be easily tuned to the same one. More
importantly, the frequency of the two modes varied by the
same number when the temperature fluctuated during operation, which can make the output power of the pulse
compressor stable when working. Consequently, this type
of pulse compressor is very compact and operated stably
with a simple cooling system. We hence selected the spherical pulse compressor as an upgrade of our SLEDs. Based
on the X-band spherical pulse compressor, the present
study generates a similar design for the C-band pulse compressor for SXFEL energy upgrading using TE1,1,3 modes.
The chosen modes can make the pulse compressor reasonably compact while maintaining a high energy gain. The
RF design of this C-band spherical pulse compressor has
___________________________________________
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Figure 1: Two methods of measuring the coupler: (a) shortcircuiting the circular waveguide and (b) connecting two
couplers to form one through the circular waveguide. (c)
and (d) are the corresponding physical setup.
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WAKEFIELD SUPPRESSION IN THE MAIN LINAC OF THE KLYSTRONBASED FIRST STAGE OF CLIC AT 380 GeV
J.Y. Liu1, J. Shi1, H. Zha†1, H.B. Chen1, Department of Engineering Physics, Tsinghua University,
Beijing 100084, China
A. Grudiev, CERN, 1211 Geneva, Switzerland
1
also at Key Laboratory of Particle and Radiation Imaging, Tsinghua University, Ministry of
Education, Beijing 100084, China
Abstract
An alternative klystron-based scenario for the first stage
of Compact Linear Collider (CLIC) at 380 GeV centre-ofmass energy was proposed. To preserve the beam stability
and luminosity of CLIC, the beam-induced transverse
long-range wakefield in main linac must be suppressed to
an acceptable value. The design of klystron-based accelerating structure is based on waveguide damping structure
(WDS). The high-order modes (HOMs) propagating into
four waveguides are absorbed by HOM damping loads. In
this paper, the wakefield suppression in CLIC-K based on
GdfidL code simulations are presented.

INTRODUCTION
CLIC [1] is one of the candidates of the future lepton
colliders. The baseline for a staged CLIC was updated in
2016 [2]. An alternative scenario for the first stage CLIC at
380 GeV using X-band high-efficiency klystrons was proposed.
The suppression of the transverse long-range wakefield
excited by multi-bunches must be taken into account in the
design of high-gradient accelerating structures to preserve
the luminosity and stability of the colliding beams [3]. The
beam dynamics study requires that the transverse longrange wakefield potential at the second following bunch
must be lower than 4.75 V/pC/m/mm [4-6].
The RF design of the klystron-based accelerating structure named CLIC-K [7] uses the waveguide dampingscheme, which is same as the baseline design of the CLIC
main linac [8, 9]. Fig. 1 shows the internal volume of the
full tapered structure including 26 regular cells and 2 coupler cells. Four waveguides are strongly coupled to the accelerating cell to damp the HOMs. HOM damping loads
have been designed to absorb HOMs propagating into the
damping waveguides.

In this paper, the wakefield suppressions in CLIC-K with
prefect matching layer (PML) boundary condition and
nominal geometry are described in the following parts, respectively. The dependences of wakefield suppression on
the material properties and the tapering length of the HOM
loads are also presented.

WAKEFIELD SUPPRESSION WITH PML
BOUNDARY CONDITION
The wakefield suppression is depended on the coupling
of damping waveguides and material properties of HOM
loads. Therefore, the results of the transverse wake-field
potential for the geometry shown in Fig. 1 where all damping and main waveguides are terminated with the PML
boundary condition can give a reference to the design of
HOM loads.
The simulations of transverse long-range wakefield were
carried out by using GdifidL code [10]. The results of the
wakefield suppression with PML boundary condition are
shown in Fig. 2. The small differences between the wakefield potential on the X plane and the Y plane are due to the
coupler cells. The results indicate that the wakefield potential at the second bunch is far better than the requirement,
as presented in Fig. 3.

Figure 2: The envelope of the transverse long-range wakefield potential of CLIC-K with PML boundary condition.

Figure 1: Internal vacuum volume of CLIC-K.
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MICROPHONICS SIMULATION AND PARAMETERS DESIGN OF THE
SRF CAVITIES FOR CiADS
Jinying Ma†, Guirong Huang
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
The detuning angle φ caused by microphonics is [3]

Abstract
The CiADS (China initiative Accelerator Driven System) proton linac is designed to accelerate CW beams of
up to 500 MeV and 5mA, which is delivered to the spallation target. Since the beam power will eventually reach 2.5
MW, the beam loss should be restricted, which is sensitive
to the SC cavity stability. On CW operating mode, the main
perturbation to the cavity is microphonics. This paper will
describe a set of tools developed to simulate performance
of the cavity and its LLRF control system in order to ensure
proper cavity operation under microphonics. The simulation tools describe a relationship between microphonics
and the RF parameters. The microphonics effect to the cavity is simulated. The tolerated intensity of microphonics is
determined by simulation, in order to satisfy the stability
of amplitude and phase with 0.1% and 0.1 degree respectively.

tan  

d
HBW

(2)

Here, ωHBW is the half bandwidth of cavity.
The case shown in Fig. 1. is one of the instability cavities
of the test facility caused by external vibrational sources.

INTRODUCTION
Cavities of CiADS with a high external quality factor,
which means a narrow bandwidth, any disturbance resulting in a cavity detuning leads to instability in amplitude
and phase. A major instability source is the mechanical microphonics detuning. However, it is required to maintain field stability less than 0.1% in amplitude and 0.1° in
phase [1]. The instability element of microphonics need to
be evaluated initially at the phase of engineering design to
satisfy the high stability requirements of the proton Linac
for CiADS. We constructed a simulation program in
MATLAB with the method of the discretized iterative algorithm to analyse the stability of the resonant system.
This paper analysed the microphonics effect on stability
of the amplitude and phase in resonant cavity, compared the microphonics relevance factors such as the resonant frequency and bandwidth according to the results of
simulation. Finally, the limitation of microphonics oscillation was presented to satisfy the requirements of stability
for CiADS Linac.

CONCEPTUAL DESIGN
The concept of the analysis tool for the stability of cavity is based on library of sub-system blocks used in SIMULINK, to simulate how the cavity will behave when a RFsignal is applied. A mathematical description of the cavity
must be used to make a model in Simulink, so the discretized iterative algorithm is developed in this paper to analyze the time-varying dynamical process of superconductive cavity under the microphonics, based on the impulse
response model of the resonant system.

Equivalent Circuit
The RF cavity can be represented by the equivalent circuit with an inductance L, a capacitance C, and a resistor R
as shown in Fig. 2. [4].
The relationship between R, L, C and the characteristic
parameters of resonant cavity are given by

02 

MICROPHONICS
Microphonics is the time domain variation in cavity frequency driven by external vibrational sources [2].
Microphonics caused the oscillation frequency of the
resonant cavity can be written as follow equation:

  t   0  d  sin m  t 

Figure 1: The microphonics of the test facility’s cavity.

1
LC

R
 0 L
Q



2Q

0

(3)

Where ω0 is the resonant frequency, Q is the quality factor, τ is the attenuation coefficient.

(1)

Here, ω0 is the frequency of the cavity fundamental mode,
ωd is the frequency shift due to microphonics, and ωm is the
oscillation frequency of microphonics.
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SUPPRESSION OF SECONDARY ELECTRON YIELD EFFECT
IN THE 650 MHz/800 kW KLYSTRON FOR CEPC*
X. He†, C. Meng, O.Z. Xiao, S.L. Pei, N.C. Zhou, J.L. Wang, Key Laboratory of Particle Acceleration Physics and Technology, Institute of High Energy Physics, Chinese Academy of Science,
Beijing, China

Abstract

The Circular Electron Positron Collider (CEPC) is in
pre-research, it will need more than two hundred 650
MHz/800 kW klystrons. The secondary electron yield
(SEY) effect suppression is very important for the klystron
working stable. The simulation uses an incident primary
electron source and considers all the phases and power levels of the input microwave. Two methods are simulated for
the SEY suppression. The groove cutting on the nose of
cavities is much simple while the TiN coating can suppress
better. The effect after groove cutting on nose is also simulated and the corresponding compensations are adopted.
For simplifying the fabrication progress as well as some
experience that can be referenced, the groove cutting
method is adopted finally for the first klystron prototype,
which is expected to be available in the summer of 2019.

INTRODUCTION

In July 2012 at the Large Hadron Collider, the Higgs particle was discovered, it is then a very important issue of the
further research and measurement in Higgs for particle
physics. For the Higgs’ energy is much lower than expected, it is very possible for building a circular collider as
a Higgs factory, the CEPC at 240 GeV centre of mass for
Higgs studies is then proposed by Chinese scientists in
September 2012 [1].
The design scheme of CEPC after further consideration
and discussion is using a circumference of 100 km with
double ring, the superconducting cavities are finally
adopted and will be fed by 650 MHz/800 kW Continuous
Wave (CW) klystrons, with a demand of more than two
hundred. The pre-research of the first klystron prototype
started in June 2017, and is expected to be available by the
summer of 2019.
As all known, one of the main reasons why the klystron
working unstable is the SEY effect [2-4], so the suppression is quite important. Two mainstream methods to suppress SEY are groove cutting and TiN coating, the former
method is much simple while the latter one having better
consequents.
Both two methods are simulated and compared, the nose
groove cutting is finally adopted for the first klystron prototype for simplifying the fabrication process. The effect
on microwave performances after groove cutting is also
simulated and the corresponding compensations are considered.
___________________________________________
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SIMULATION OF THE SEY EFFECT SUPPRESSION
The Method of Cutting Grooves on Nose
The klystron is designed to be working at 650 MHz and
expected an output CW power of more than 800 kW. Six
cavities including a second harmonic cavity are adopted to
achieve a 45 dB Power Gain (PG), for a single cavity usually provides a PG around 10 dB, and the second harmonic
cavity basically has no effect on the PG. The design parameter of the klystron is listed in Table 1.
Table 1: The Design Parameter of the 650 MHz/800 kW
Klystron
Parameter

Value

Operating frequency

650 MHz

Beam voltage

81.5 kV

Beam current

15.1 A

Beam perveance

0.65 μA/V3/2

Efficiency at rated output power

≥60 %

Saturation gain

≥45 dB

Output power

~800 kW

Brillouin field

106.7 Gauss

Reduced plasma wavelength

3.47 m

Number of cavities

6

Normalized drift tube radius

0.63

Normalized beam radius
0.41
By periodically cutting grooves in the circumferential direction on the nose of cavity, the SEY is significantly suppressed. There are 36 grooves on each nose, the width of
the central angle of each groove and the interval between
adjacent grooves are both 5 degrees. On the opposite side
of nose, the center spacing of the corresponding grooves is
also 5 degrees. The schematic diagram of the grooves on
nose is shown in Fig. 1.
The simulation of the SEY is calculated in the Computer
Simulation Technology (CST) particle studio. A surface
electron source on the nose is defined with about 5000 particles. The parameter setting of the electron source is listed
in Table 2. The particle tracking calculation is adopted, the
electromagnetic field of the cavity is imported from the
CST microwave studio for saving simulation time. The material of the cavity is chosen as SEE-copper from the CST
material library.
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DEVELOPMENT OF FLEXIBLE WAVEGUIDE FOR HIGH POWER HIGH
VACUUM APPLICATIONS IN S-BAND*
X. He†, C. Meng, S.L. Pei, J. Lei, B.L. Deng, Key Laboratory of Particle Acceleration Physics and
Technology, Institute of High Energy Physics, Chinese Academy of Science, 100049 Beijing, China
Abstract
A novel flexible waveguide is developed for S-band
2856 MHz, which is a standard WR284 waveguide. The
surface of the flexible waveguide is plated with Oxygenfree High Conductivity (OFHC) copper for the purpose of
welding with the stainless steel flange in the vacuum furnace, for the flexible waveguide itself is made of brass. The
prototype has got a certain amount of deformation which
will be much more convenient for the connection between
two hard waveguides. It also has a good measurement results of the low power microwave test, and the 72 hours’
vacuum leakage test shows a satisfactory vacuum performance, no obvious surface collapse is observed. The high
power test will be conducted after our high power test facility is available, which will tell us the maximal power
level of the flexible waveguide prototype.

INTRODUCTION
The Radio Frequency Transmitting System (RFTS) is
one of the essential systems in modern accelerators, the
waveguides are most widely used compared to other microwave transmission mediums because of its high power
capacity and low transmission loss.
The various waveguides used in the S-band high-power
high-vacuum environment are basically hard waveguides
made of OFHC material, which are brazed with various
forms of stainless steel flanges. If the RFTS system is very
long, the last two flanges maybe very difficult to connect
because of the accumulated errors during the waveguide
processing and installation, where a flexible waveguide is
an ideal solution.
However, the flexible waveguides are never used in the
high-power high-vacuum environment, either from P-band
to X-band [1-3], or from large colliders to small industrial
or medical accelerators [4-5].
The flexible waveguides are always used in the air or
gas-filled environment, for the purpose of isolating vibration, fine-tuning the phase or solving the problems of thermal expansion and collimation error. In all cases the peak
power is very limited which maybe several megawatts at
most.
For S-band 2856 MHz a novel flexible waveguide is developed. In cases of various artificially created deformations, the prototype maintains a good measurement results of the low power test, and the 72 hours’ vacuum leakage test result is also satisfactory with no obvious surface
collapse observed after. The high power test will be on
schedule after high power test facility available.
___________________________________________
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DEVELOPMENT OF THE FLEXIBLE
WAVEGUIDE
Structure
The flexible waveguide consists of a typical bellowsshaped waveguide welded with two stainless steel flange.
We model it in the Computer Simulation Technology (CST)
program and optimize the sizes of the flexible part, the detailed sizes are shown in Fig. 1. The height of the ripples
(indicated as h1 in Fig. 1) is compromised as 2.5 mm for
considering both an acceptable Voltage Standing-wave Ratio (VSWR) and a proper extensibility. The total length of
the waveguide is decided to be 100 mm, which is enough
for the needed deformation. Longer length is not chosen
because of the possible surface collapse after vacuuming,
especially on the wide side of wall.
As well known, the traditional flexible waveguide is
made of brass, which is not suitable for welding in the vacuum furnace. For solving this problem, the OFHC material
is plated on the surface of the flexible part, and can be
treated as OFHC in CST because of the skin effect.

Figure 1: Detailed sizes of the flexible part of the waveguide.

Simulated and Tested Results
For the flexible waveguide is a straight waveguide, the
VSWR and Insertion Loss (IL) is easy to be acceptable. All
the values of sizes after optimization are shown in Fig. 1.
After sweeping all the sizes of the flexible waveguide
(the W, H, R, and Wall-Thickness is fixed), the height of the
ripples h1 is the most important size. The frequency response of VSWR and IL (S21) with a changing h1 is shown
in Fig. 2 and Fig. 3, the values are shown in Table 1. We
can see that a bigger h1 value means a worse VSWR which
is caused by a greater discontinuity, however, the simulated
S21 changes little with varying h1. Finally, h1 =2.5 mm is
WEPRB046
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HIGH-POWER TEST OF A 12-CELL ACCELERATING STRUCTURE
BUILD IN HALVES
M. Peng*, J. Shi†, Y. Jiang, J, Liu, Z. Liu, X. Meng, H. Zha
Department of Engineering Physics, Tsinghua University, Beijing 100084, China
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Abstract

An X-band 12 cell travelling-wave accelerating structure
has been developed and high-power tested at Tsinghua
University in China. This structure works at 2⁄3 𝜋 at the
frequency of 11.424 GHz. It is a 12-cell constant-impedance structure build in halves and was silver-brazed as a
vacuum tight structure. The high power test was conducted
at Tsinghua X-band high power test facility [1] with a 50MW X-band klystron at a repetition rate to 40 Hz. The final
input power was 51.23 MW with a 200 ns pulse width,
which means an accelerating gradient of 88.58 MV/m was
reached. This paper presents the high power test results including the gradient and breakdown history.

test. We have the pulse compressor installed to reach a
higher pulse at the end of the test.

INTRUDUCTION

The Tsinghua X-band high power test facility was built
for the study of novel accelerating structures and breakdown theorem. Stainless steel RF loads from CERN and
Tsinghua and T24 [2] accelerating structure has been tested
for the system commissioning and the output power
reached 50 MW, 1.5 μs pulse length. We have the autoconditioning system and pulse compressor [3] installed before the Half structure high power test. The maximum output power of pulse compressor was predicted to be 200
MW with the pulse length of 50 ns. The auto conditioning
system will record the time, vacuum, power and breakdown status of each pulse. More accelerating structures
will be tested on the test facility.

Figure 1: Half structure RF test.
The S curves and complex S11 of bead-pulling are
shown in Figure 2 and Figure 3.

RF TEST OF THE HALF STRUCTURE

We had the half structure [4] tested as Figure 1. The RF
test were conducted in air without cooling system. The four
waveguide ports were connected to the R&S ZVA 40 vector net analyser for S parameters measurement and beadpulling.
The measured working frequency at 2⁄3 𝜋 of structure
is 11.4295 GHz, 5.5 MHz higher than designing. The S11
and S21 are -35.98 dB and -0.942 dB and Q is 6700 at
working frequency.

Figure 2: S11 and S21 from VNA.

HIGH POWER TEST

The high power tests were conducted at Tsinghua Xband high power test facility. We first tested the T24 for the
second time(have been tested in KEK before) as comparision, and then have the half structure tested. The auto-conditionning system were installed before the half structure
_______________________________________
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Figure 3: Complex S11 of bead-pulling.
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DESIGN, FABRICATE, AND TUNING OF X-BAND DEFLECTING
STRUCTURE FOR CERN*
J. H. Tan†, W. Fang, X. X. Huang, Q. Gu, Z. T. Zhao, SSRF, CAS, Shanghai, China
Abstract
The first prototype of 20-cell x-band deflecting structure
have finished the high power test at Nextef of KEK in
2016. Although the imperfection of coupler slots design,
which prevent higher power feed into structure, most of the
crucial performance parameters were measured and proved
to have been met. The coupler slots of input and output
coupler are 1mm thickness, that led to seriously pulse heating in these region. Hence, a new 20-cell x-band deflecting
structure will optimize to check the performance under
high power. Between the international collaboration of
CERN, KEK and SINAP on high gradient technique, the
optimized x-band deflecting structure will use the European frequency, and will tested in X-box of CERN. In this
paper, the optimization, fabrication and tuning process will
be described, then the RF conditioning will carry out in the
recently.

INDUCTION
X-band transverse deflecting structure will be used on
shanghai Soft X-ray Free Electron Lasers (SXFEL) facility
[1], and the first prototype have finished the high power
test at KEK on the collaboration between CERN, KEK and
SINAP. The test and analysis results proved the bad performance under high power test caused by too thin iris slots
of couplers where lead pulse heating seriously. Under the
background of international collaboration between CERN,
KEK and SINAP on high gradient technique, a new X-band
deflecting structure operate at European frequency
(11.994GHz) is designed for CERN. The design, fabrication and tuning are introduced in this paper.

DESIGN AND OPTIMIZATION OF
DEFLECTOR
The first prototype of X-band deflector designed for
SXFEL have finished high power test, which indicated that
the modified poynting vector Sc on the irises and pulse
heating on the slots between coupler cavity and waveguide
need further optimize to improve the performance [2]. The
optimization of the iris diameter and thickness can improve
the power flow in the structure, which are the main parameters of this optimization. The simulation model as shown
in Figure 1.
The iris diameter and thickness influence the Sc obvious,
hence the optimize process is totally focus on these two parameters. Table 1 listed the simulation results of modified
poynting vector, surface electric and magnetic fields varied
by iris diameter and thickness.
___________________________________________
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Figure 1: Simulation model of regular cell.
Table 1: Modified Poynting Vector, Surface Electric and
Magnetic Field Results (50MW Input)
Param- Sc (W/mm2)
eters
6.60
a=5,
t=2
4.98
a=4,
t=2
4.46
a=4,
t=2.6

E (MV/m)

H (KA/m)

169

576

164

549

153

489

In Table 1, a and t are iris radius and thickness, respectively. The results give an obvious conclusion of this deflecting structure, that the smaller diameter and bigger
thickness decrease the modified poynting vector and the
surface electric and magnetic fields. The final parameters
of regular cell are listed in Table 2.
Table 2: Parameters of Regular Cell
Parameters
Operating frequency
Phase advance per cell
Length of cell
Structure length
Iris aperture 2a
Iris thickness
Quality factor Q
Group velocity Vg/c
Filling time
Attenuation factor
Input power
Peak surface electric field
Peak surface magnetic field
Peak modified Poynting vector

Value
11.994 GHz
2Pi/3
8.3317 mm
230 mm
8 mm
2.6 mm
6222
-2.69%
21 ns
0.751
50 MW
153 MV/m
489 KA/m
4.5 MW/mm2

The regular cells have been optimized and provide an
outstanding performance on Sc and surface fields. Another
important part is the couplers, which have two considerations to improve pulse heating. Firstly, the diameter of slots
between coupler and waveguide instead by 3mm, that
WEPRB048
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HOM ANALYSIS OF THE 4-CELL SUPERCONDUCTING CAVITY ON
CTFEL FACILITY*
X. Luo, T. H. He, C. L. Lao, K. Zhou†, X. M. Shen, L. J. Shan, D. Wu
China Academy of Engineering Physics, Institute of Applied electronics, Mianyang, China
F. Wang, Peking University, Beijing, China

Abstract
The higher order modes (HOMs) of the 1.3GHz 4-cell
cavity on CTFEL facility is analyzed in this paper. The
passbands of the HOMs in the 4-cell cavity were simulated,
and the most harmful modes were determined. The power
of the wakefield was estimated. By microwave test at room
temperature, the frequencies of the HOMs were measured,
as well as the external Q's of the HOM couplers. Besides,
a frequency distribution measurement system was built.
The HOM signal excited by beam at 2 K temperature is
measured, and some preliminary results are obtained. The
measurement techniques and results of the HOM damping
performance are presented in this paper.

INTRODUCTION

The terahertz free electron laser facility at China Academy of Engineering Physics has completed fabrication and
reached stimulated saturation [1-3]. The main accelerator
of this facility is a superconducting linac module developed by Peking University, which consists of double 1.3
GHz 4-cell TESLA-type cavities [4, 5]. The module is designed to accelerate 5 mA CW electron beam from 300 keV
to 8 MeV. The 4-cell cavity has the same end-cell and midcell shape as the original 9-cell TESLA cavity [6], while 5
mid-cells are removed. As shown in Fig. 1, the cavity consists of 4 cells, beam pipes, two HOM couplers, input coupler port and pickup port.

Figure 1: The 4-cell TESLA-type cavity.

When beam passes through the cavity, the higher order
modes (HOMs) will be excited, which will cause beam instability and beam loss [7]. HOMs also increase the cryogenic losses due to the additional power dissipation in accelerating cavity walls. The effects are significant especially while CW beam loading. Therefore, the HOMs
should be anlayzed and measured.
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SIMULATION OF THE HOMS IN 4-CELL
CAVITY
The passbands of the HOMs in 4-cell cavity have been
simulated by CST Microwave Studio. The frequencies and
R/Qs of the HOMs are listed in Table 1. The most harmful
mode is identified to be the TM011-4 mode, which has the
biggest R/Q besides the fundamental mode. It is necessary
to equip the HOM couplers on the cavity to damp the
HOMs power excited by beams.
Table 1: The Frequencies and R/Qs of the HOMs
Mode

Frequency
R/Q
[MHz]
[Ω/cmn]
TM010
1279.69
0.00082
1288.28
0.056
1297.01
0.063
1300.00
439.91
TE111
1624.53
0.13
1654.18
0.88
1703.55
6.14
1764.91
5.58
TM110
1802.65
0.87
1857.34
3.93
1877.40
3.26
1884.75
0.18
TM011
2382.26
1.18
2401.27
2.60
2427.12
26.48
2447.78
106.72
TM020
2669.49
0.17
2690.69
1.69
2723.88
0.14
2754.00
0.21
The power of the HOMs excited by beam is also simulated by ABCI. The frequency spectrum of loss factor is
show in Fig. 2. The peaks of the loss factor are appeared at
the frequency 1.3 GHz, 2.4 GHz ~ 2.5 GHz and 2.6 GHz,
corresponding to the TM010, TM011 and TM020 mode.
The average beam current in 4-cell cavities is 5 mA,
while repetition frequency is 54.17 MHz, and the beam
length is 3.6 mm. The simulation results indicate that the
loss factor is 2.7 V/pC, and the wakefield power is 1.25 W,
including 0.83 W HOMs power and 0.42 W fundamental
mode power.
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Abstract
Multipacting is a phenomenon in which electrons grow
sharply under certain conditions in a RF structure. It may
lead to the breakdown or even damage to the equipment.
Therefore, it is very important to calculate the Multipacting
range in the RF equipment design. Since the phenomenon
is too complicated to use the formula to fully predict it, numerical simulation is employed. There are many computer
codes (such as Track3P, MultiPac, CST PS, etc.) used to
simulate the phenomenon, but most of them are not commercial. In this paper, theories used in coaxial line for predicting multipacting are introduced; the CST PS is chosen
to simulate the multipacting of coaxial coupler for BNCT
DTL; finally, methods of suppressing multipacting are discussed.
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INTRODUCTION
Boron Neutron Capture Therapy (BNCT) is considered
one of the most promising tools for treating certain types
of cancer [1], it’s developed and researched by an increasing number of workgroups. Now, a new BNCT facility
contains a 75 keV H- Ion Source, a 3.5 MeV Radio Frequency Quadrupole (RFQ) and a solid Li target is under
construction in China Spallation Neutron Source (CSNS)
campus. Considering the neutron flux and difficulty of target manufacturing, a 3.5 to 10 MeV Drift Tube Linac
(DTL) is planned to construct as an upgrade solution after
successful obtaining the neutron beam. Preliminary physical design of the DTL shows that the required peak and average power does not exceed 600 kW and 200 kW independently, therefore, the coaxial type coupler is chosen.
Preliminary design of the coaxial coupler draws on the successful experience of coupler used in many machines such
as ADS injector-1 RFQ, TRASCO RFQ, JPARC DTL and
so on, the process of it is quite standard and similar to the
design of CSNS DTL coupler [2][3], so the detailed parameters will not be discussed here.
Multipacting in coaxial coupler has been studied for
many years and it can be a limit factor of the coupler. Different analytical formulas are used to predict the multipacting barriers; however, they often base on homogeneous
electromagnetic fields and the estimated results are rough
for complex structures. Therefore, the numerical calculation is quite essential for reliable prediction of multipacting
barrier. In this paper, theories commonly used to calculate
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the multipacting of coaxial coupler are introduced firstly,
and the two-point 1st order multipacting point of BNCT
DTL coupler is calculated according to the theory. Section
2 introduces the detailed multipacting simulation process
with CST Particle studio (CST PS), after that, the results
are compared with theory ones. Finally, the suppression of
multipacting is simulated and analyzed, which is helpful
for the new coupler design.

THEORY
There are many theories to compute the multipacting
barrier in coaxial line and the most commonly used one is
the Scaling laws. This theory holds that the multipacting in
standing wave (SW) coaxial line is only caused by electric
fields and the one-point and two-point multipacting both
may occur. Based on experience and analysis, it gives the
following formulas [4]:
Pone-point ~ (fd)4Z

Ptwo-point ~ (fd)4Z2

(1)

where f is the operating frequency, d and Z is the outer diameter of the coaxial line and the line impedance respectively. The average impact energy obeys the following laws:
Ei ~ (fd)2

(2)

Although the proportional relationship between the multipacting point and the coaxial line parameters is given, the
scale factor also needs to be obtained by many computations or simulations; it could be difficult for new designers.
Another concise theory is proposed by Z. Zheng in Facility for Rare Isotope Beams (FRIB). They experienced
strong multipacting in high power conditioning of the coaxial coupler for half wave SC resonators (HWR); the first
eight resonators used a DC bias insert into the transmission
line to suppress the multipacting [5]. However, the number
of couplers is quite a lot, suppression of multipacting directly in the coupler is an economical and effective solution.
In this theory, the radial electric field (Er) between the inner
and outer conductor is assumed to be constant, the electric
field in coaxial coupler is:
E

V b 
 ln( ) 
r a 

1

(3)

the input power of the coaxial line is:
P

A V 2  b 
ln( )
  a 

1

(4)

where b is the inner radius of the outer conductor, a is the
outer radius of the inner conductor, V is voltage between
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INTRUCTION
RF cavity loaded by nanocrystalline soft magnetic alloy
(MA) material has the advantages of high accelerating gradient and wide bandwidth which will bring great benefits
in the length of cavity and avoiding complex tuning system
[1]. It is best adapted for high power proton synchrotron
accelerator. CSNS/RCS would adapt the MA cavity as the
second harmonic cavity due to the finite space of
CSNS/RCS tunnel. Together with the ferrite cavity already
running in CSNS/RCS, the dual harmonic RF system will
be formed to increase the bunch factor to promote the beam
power up to 500kW. Due to the low Q factor of the MA
core, the cavity cooling becomes a very important issue in
cavity design. During the preliminary research stage of
CSNS/RCS upgrade project, MA cavity with different
cooling structure were studied with detail here.

Fluid Thermodynamic Simulation of MA Cavity
The MA toroid is fabricated by winding the nanocrystalline soft magnetic alloy ribbon (≈18um). SiO2 (≈2um) insulator layer need to be attached on the side of ribbon to
reduce the ebby current loss of MA core in the high frequency. This kind of metal laminate structure contributes
to the anisotropy of thermal conductivity in cylindrical coordinate system. The thermal conductivity along the radius
of MA is smaller than the direction of the width of ribbon
and the circumference. The main parameters are listed in
Table 1. What’s more, the heat loss in MA core is proportional to 1/r2, because the average power density distribution P_density (r) and the average power loss P_ave is defined by Eq. (1), Eq. (2).
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(1)
(2)

Where ܸ is the voltage of the single MA core. and݂
is the Q value and resonator frequency of cavity. ݎଵ ˈݎଶ is
the outer and inner radius of MA core.݈݁݊ and ߤ ᇱ is the
length and relative permeability of MA core. ܸ is the
volume of a MA core. Figure 1 shows the average power
density distribution when the average power loss is
0.03W/cc, 0.1W/cc and 0.3W/cc, the radius of MA core
with the inner/outer diameter is 300/500mm and 25mm
thick. It is noted that the high power loss focus on the area
of the inner radius of MA core. This is the main consideration when it comes to the cooling structure design of MA
cavity.
Table 1: The Thermal Conductivity of MA Core
Orthotropic Cylindrical Components [2]
Axial Component

7.1 [W m-1 K-1 ]

Theta Component

7.1 [W m-1 K-1 ]

R Component

0.6 [W m-1 K-1 ]

7x105

0.03W/cc
0.1W/cc
0.3W/cc

6x105

Calorific Value(W/m^3)

The dual harmonic RF system will be adapted for China
Spallation Neutron Source (CSNS) upgrade project. Limited locations in CSNS/RCS are reserved to install additional three 2nd harmonic cavities. The cavity loaded by
magnetic alloy (MA) material would be used. Because of
the low Q factor of the MA core, the cavity cooling becomes a very important issue in cavity design. Air-forced,
indirect and direct cooling scheme were studied. The fluid
thermodynamic of different cooling structure were simulated by ANSYS CFX which considered the anisotropy of
thermal conductivity of MA core. The limitation of these
cooling schemes were discussed in detail based on the simulation results. Indirect cooling experiment was done to assess the cooling efficiency and verify the simulation result.
A high power test cavity cooled by water has been designed
to estimate the property of the MA core and cooling effectiveness for CSNS/RCS.
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Figure 1: Power density distribution along the radius in
MA core.
CFX is a module of ANSYS for fluid thermodynamic
simulation. It has the function of transient and steady-state
solver with custom material coordinate system [3]. We
used CFX to design and simulate the cooling structure considering the anisotropy of thermal conductivity and the
heat loss distribution in Table 1 and Figure 1. K-epsilon is
choosing as the numerical algorithm in CFX which is useful for most engineering problems. Beside the default criteria to judge the convergence in CFX, other criteria are
when the temperature of a solid point set by us in MA core
is come to stable and the temperature rise in outlet meet the
theory formula of temperature rise by Eq. (3).
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Abstract
Special attention has been payed to the development of
new type of directional coupler for different applications.
We designed two types of directional coupler working at
11.424 GHz with high power handling capacity, stable coupling degree and high directivity. One is the H-plane directional coupler consists of two parallel R100 rectangular
waveguides and the coupling degree is 49.9dB and the directivity is 54.5dB. The other is circular-rectangle waveguide directional coupler. The coupling degree of this coupler is 50.14dB and the directivity is 37.93dB. The bandwidth of the coupler is about 800MHz. The fabrication and
measurement of these two directional couplers are in progress.

INTRODUCTION

The directional coupler is one of the most widely used
components in many microwave systems, which is used to
distribute the power of the input microwave signal according to a desired ratio. Directional coupler may be a threeport component or a four-port component with certain
specification such as frequencies, bandwidth and structure.
The basic working form of four-port directional coupler is
that the power input to the port1 is coupled to the port3 by
the coupling degree while the rest of input power is delivered to the port2 and there is no power deliver to the port4
in the ideal case [1].
In recent years the technique of substrate integrated
waveguide (SIW) is applied in designing directional couplers integrating with mostly planar circuits [1]. Planar
structures make the cost lower and the coupler space-saving but big uncertainties of the dielectric constant of the
filling materials may cause the directivity and coupling degree change a lot. The common vacuum waveguide directional coupler has better high power capacity.
The commonly used coupling methods include circular
eyelet coupling, elliptical eyelet coupling, cross-hole coupling and some irregular-hole coupling. Although the coupling theory is mature and is applied to develop various directional coupler to measure and distribute power, there are
also some problems needed to be considered in designing
coupler at high power operation such as RF breakdown,
measurement accuracy, bandwidth, etc.
The H-plane directional coupler [2] proposed at the frequency of 11.9924GHz by IHEP is compact and easy to
fabricate. This coupler has a high directivity and a low reflection of microwave.

The other new circular-rectangle waveguide directional
coupler at 9.4GHz [3] uses a circular main waveguide to
transport the basic TM01 mode. High power handling capacity and wide bandwidth are the advantages of this directional coupler. The structure of this directional coupler
has been fabricated and tested on a long pulse high power
microwave source.
We plan to design two different directional couplers
working at 11.424GHz frequency with the coupling degree
at 50 2dB and the directivity better than 30dB at 200MW
peak power. The couplers designed mainly based on circular eyelet coupling theory are discussed in this paper.

H-PLANE DIRECTIONAL COUPLER
Structure Design
This directional coupler consists of two parallel rectangular waveguides with four holes drilled along the central
line of the narrow-wall. Equal aperture distribution is employed in this coupler. The H-plane directional coupler in
CST microwave studio is shown as Fig. 1. The SMA joint
is a coaxial waveguide converter and commonly used to
export small signals.

Figure 1: H-plane directional coupler in CST.

Simulation Results
All the calculations and optimizations are operated by
CST-MWS. The distance between holes needs to be 𝜆 /4
according to equal aperture distribution while 𝜆 is the
waveguide wavelength. The coupling degree and directivity are sensitive to the depth and radius of the coupling
hole. The curves of coupling degree and directivity with
respect to the depth and radius of the hole are shown in Fig.
2 and Fig. 3. Other parameters affecting the scattering
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Abstract
A new and compact a pre-bunched terahertz (THz) free
electron laser (FEL) at the National Synchrotron Radiation
Laboratory, University of Science and Technology of
China is being constructed and aims to generate the tunable
radiation frequency ranges from 0.5 THz to 5 THz at
11 - 18 Mev electron energy. This system is expected to use
for imaging, basic researches as well as industrial
applications as a result of the significant merits of simple,
compact and cost-effective. Due to the THz laser
measurement system plays an important part in the prebunched THz FEL facility. Therefore, a multiplexing THz
laser sensing measurement system model is developed for
measuring the output laser power and the optical spectrum
of THz radiation with the excellent advantages of
robustness, high sensitivity and low-cost in this paper.

INTRODUCTION
The configuration overview of the pre-bunched THz
FEL [1-3] of the “THz near-field high-flux material
physical property test system” is composed of a 3.5 meters
length electron linear accelerator whose key design
parameters are displayed in Table 1. As shown in Fig. 1,
where the pre-bunched THz FEL mainly consists of a
photocathode RF-gun, a focusing solenoid, an undulator
and a beam dump. It is known that the THz radiation laser
are generated by the coherent emission electron pulse train
injects to the undulator.
It is seen from Table 1 that the RMS of the beam size is
no more than 0.5 mm and the fundamental frequency varies
from 0.5 THz to 3.0 THz. The number of the microbunches
are 16 which indicates that the total charge is 240 pC. It
should be pointed out that the bunching factor is larger than
0.38 and less than 0.64.
Owning to the measured THz radiation only accounts for
10% of the output THz laser, which thereby the parameters
for the 10% proportional pre-bunched THz FEL to be
measured are listed in Table 2.
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Figure 1: The schematic layout of the pre-bunched THz
FEL.
Table 1: The Parameters of the Pre-Bunched THz FEL
Parameters

Values

Electron energy

11−18 Mev

Beam size (RMS)

≤0.5 mm

Microbunches

16

Microbunch charge

15 pC

Fundamental frequency

0.5−3.0 THz

Bunching factor

0.38−0.64

Table 2: The Parameters of the 10% THz Radiation
Parameters

Values

Radiation frequency

0.5−5 THz

Radiation wavelength

60−600 μm

Laser pulse length

10−60 ps

Laser pulse energy

0.1−100 μJ

Repetition frequency

10−50 Hz

Average power of the laser

0.1−500 μW

pulse
According to the overall technical requirements and the
related parameters of the pre-bunched THz FEL project of
the THz near-field high-flux material physical property test
system, of which the optical interference measurement
system is responsible for commissioning, monitoring and
operating the THz radiation laser. Therefore, in which the
main characteristic parameters, measurement scenarios
and technical indicators corresponding to each subsystem
of the THz laser measurement system respectively are
given in Table 3.
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Abstract
The Korea Atomic Energy Research Institute (KAERI)
has been designing several 3 MeV S-band RF electron
linear accelerators (linacs) for non-destructive testing.
Until now, the bunching cell of the linac has a full-cell
geometry. However, to maximize the acceleration of electrons after emission from the electron gun, the geometry
of the first bunching cell is modified from a full-cell to a
half-cell. To accelerate electron beams more gently, recently, we increased the total number of bunching cells
from 1.5 to 2.5. In this paper, we describe design concepts
and detailed optimization processes of a 3 MeV linac with
the 2.5 bunching cells to optimize RF parameters such as
the quality factor, resonance frequency, and uniformity of
electric -field distribution along the linac. Finally, we will
discuss the application of 3 MeV linac.

INTRODUCTION

Electron accelerators have been widely used in industrial and medical applications such as non-destructive
testing (NDT) and radiation treatment. Non-destructive
inspection technology is used in the automobile, oil/gas,
and aerospace fields. This technology inspects whether an
object has defects without damaging it. Non-destructi-ve
technology is used to find defects in a wide variety of
manufactured products including shipbuilding equipment,
steel, and shipyards. Thus, we have increased our sales in
this area, and the annual global market size and market
growth tendency are increasing every year. This technology consists of an inspection system, an electron linear
accelerator, an object, and detector for generating Bremsstrahlung X-Rays (braking radiation X-rays). X-rays can
be used to obtain a clear image of hidden objects (defects)
in a vessel that has a higher penetration of X-rays when
the energy gain is higher.
The aim of this study was to develop an accelerator
structure with a 3 MeV S-band (= 2856 MHz) and an
electron beam to generate 3 MeV X-rays. Figure 1 below
is a graph showing the X-ray absorptivity in the substance
(Pb, Fe, Al, C and B) [1]. The X-ray in the 200 keV region has a good resolution, but the penetration is low. The
higher X-rays in the 9 MeV region have a penetration
capability can go through over 40 cm thick iron plates [2]
thick iron plate. Therefore, the iron plates are more transparent, but the resolution is poor at 9 MeV.
___________________________________________
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Figure 1: Absorption Rate and Electron Energy Graph.
Between 200 keV and 9 MeV energy region, 3 MeV Xrays have an excellent energy range in terms of material
resolution, and its penetration is relatively higher than
those in the low-energy range (1 to 2 MeV). 3 MeV X-ray
can penetrate over 20 cm iron plate. The non-destructive
inspection technology for engine and equipment defects
can also be used effectively in various fields to find other
defects. As a result, 3 MeV X-ray is an energy region with
good transmission and good resolution. It is advantageous
to use an energy of 3 MeV to find defects in engines and
equipment. The satisfactory dose rate for a 3 MeV case is
3 Gy/min at 1m of X-ray detector.
To construct an electron linear accelerator for a nondestructive inspection system, we designed the structure
of the S-band linear accelerator by executing a number of
simulations. Originally, the KAERI had successfully
fabricated an electron linac structure with a full-cell geometry for the first bunching cell. However, in the entire
cell shape, the accelerating electric field is not the maximum at the inlet of the cell [3]. Therefore, the space
charge is strong due to the high energy at the incidence
area and not the beam accelerating effect. Recently also to
accelerate the electron beams more gently, we increased
the total number of bunching cells from 1.5 to 2.5. This
paper describes the design concept and optimization of a
new 3 MeV linac. The 2.5 bunching cells of 3 MeV linac
is higher current and its capture coefficient more than 1.5
bunching cells.

DESIGN CONCEPT OF 3 MEV LINAC
To achieve a 3 MeV linac design, it should be able to
obtain a 3 Gy/min dose rate [4].
𝐽𝑋 = 𝜂 ∙ 𝜏 ∙ 𝐹 ∙ 𝐼 ∙ 𝐸 𝑛 ,
(1)
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Abstract
We present the design study of the RF input power coupler for 325 MHz superconducting cavities. The power
coupler, based on a conventional coaxial transmission line,
provides RF powers to the cavity up to 12 kW in CW
mode. The thermal interceptors are considered as 4.5 K and
40 K or 4.5 K and 77 K corresponding to the usage of liquid
Helium only or both liquid Helium and Nitrogen for cryogenic temperature to reduce the thermal load. The transition box (T-box), which is assembled with power coupler,
is designed and applied for impedance matching and inner
conductor cooling.

INTRODUCTION

The main feature of changes from the 1st version to the
2nd one is the reduced diameter of the outer conductor at
the RF window section, the presence of the transition box
and copper plating on the inside of the outer conductor. The
reduced outer diameter decreases the size of coupler port
in cryo-module and in accordance with assembling procedure, the RF window must be inside the outer wall of cryomodule, which requires a hole that is larger than the height
of the pick-up port. The main purpose of transition box is
impedance matching for difference between RF window
section and conventional 50 Ω coaxial transmission line.
The cooling gas can be inserted at the end of the T-box
through the inner conductor to reduce the temperature increase of the antenna tip and RF window due to RF power.
Engineering design for production is in progress.

SIMULATION
Electromagnetic Simulation

Figure 1: General view of the prototype power coupler
a) 1st Version b) 2nd Version.
The power coupler is based on conventional coaxial
transmission line. Both couplers have three diagnostic
ports for vacuum, arc, and electron pick-ups to monitor
RF breakdowns. The number of thermal interceptor-’s has
been changed for the diversity of cooling gas (liquid Helium only or both liquid Helium and Nitrogen) used for
thermal shield in cryo-module of various institutions. Figure 1 shows the prototype design of power couplers and the
design requirements are listed in Table 1 [1].
Table 1: Design Requirements of the Input Coupler
Parameters
Values
Unit
Operating frequency
Pass band (𝑆
𝑆

< 0.1)

at 325MHz

Operating Power
Q
___________________________________________
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Figure 2: Geometric change of ceramic part (Vec and
Horiz).
Figure 2 shows variations of both diameter (Vec) and
length (Horiz) of the outer conductor at the RF window to
minimize reflected powers at 325 MHz. The antenna diameter is 17.1 mm and was determined by multi-pacting analyses. We performed simulations to check effects of the inner conductor diameter changes from 8 mm to 15 mm. The
horizontal length change affects the intensity variance of
reflected powers (𝑆 ) at 325 MHz. We performed the simulation to minimize reflected powers at operating frequency. The optimal value of vertical/horizontal length are
10 mm and 101 mm, respectively, as shown in Figure 3. As
a result, the impedance of the antenna section is 90 Ω and
the that of other section is 62.8 Ω [2].

Figure 3: Effect of a) vertical length and b) horizontal
length change.
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COMBINED FIELD EMISSION AND MULTIPACTOR SIMULATION IN
HIGH GRADIENT RF ACCELERATING STRUCTURES
D. Banon Caballero1∗ , W. Wuensch, K. Szypula, N. Catalan Lasheras, CERN, Geneva, Switzerland
B. Gimeno, IFIC (CSIC-Univ. Valencia), Valencia, Spain
A. Faus Golfe, LAL, Univ. Paris-Sud, CNRS/IN2P3, Univ. Paris-Saclay, Orsay, France
1 also at IFIC (CSIC-Univ. Valencia), Valencia, Spain

Abstract

Field emitted electrons have important consequences in
the operation of high-gradient RF accelerating structures
both by generating so-called dark currents and initiating
RF breakdown. The latter is an important limitation of the
performance in such devices. Another kind of vacuum discharge that primarily affects the operation of lower-field RF
components, for example those used in space applications,
is multipactor. Theoretical simulations using CST Particle Studio, show that field emitted electrons generated in
the high field regions of high-gradient accelerating cavities
migrate to low field regions under ponderomotive forces
potentially triggering multipactor there. This phenomenon
is an interplay between high field and low field processes
which may have as a consequence that multipactor actually
affects to the performance of high-gradient cavities because
field emitted electrons might reduce the timescales for the
onset of multipactor.

INTRODUCTION

A number of state of the art accelerators envisage the use
of high-gradient (HG) linacs For example, in the 3 TeV final
energy stage of the Compact Linear Collider (CLIC) [1]
the accelerating gradient is 100 MV/m, resulting in peak
surface fields in excess of 200 MV/m. Under such high
surface electric fields, electrons are pulled out of the metal
surface by means of quantum tunneling in a process known
as Field Emission (FE). The electronic current is described
by the Fowler-Nordheim law [2], which can be expressed
with the simplified expression
−b
J = aβ2 E 2 e βE

(1)

where a and b are constants that depend on the metal work
function, E is the electric field and β is the field enhancement
factor.
FE electrons are accelerated by the RF fields generating
the so-called dark current (DC) [3]. Above a certain accelerating gradient [4], electrons can be captured in RF buckets
and then be accelerated over larger distance in the structure.
In the case of CLIC structures, the electrons can reach energies of the order of 10 MeV. These high energy electrons
produce ionizing radiation when colliding with the material
walls. As a consequence, the experimental facilities must be
properly shielded for safe operation [5], even without beam.
∗
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Multipactor (MP) [6] is an RF discharge that can occur at
lower field level applications, for example in satellites [7].
MP is a resonant process in which electrons are accelerated
by RF fields and move in trajectories that collide with the
metal surface. If these trajectories connect one or more
points on the surface with a time between collisions a multiple of half an RF period a resonance occurs. If this resonance
condition occurs together with the generation of secondary
electrons, providing that the secondary electron yield (SEY)
of the material is higher than unity for the primary electron
energies (ranging between 100 eV and 1 keV), an electron
avalanche known as multipactor discharge is produced.
Field emission occurs in the regions of the cavity with
highest surface electric field while multipactor predominantly occurs in regions with relatively low electric fields
such as the outer cavity wall. MP has been analysed using
tracking simulations of HG linacs [8], showing possible coupling of FE electrons to side cavity multipacting. A recent
work developed at MIT [9] showed that MP is present in a 17
GHz HG accelerating cavity, by means of a single-surface B
field leaded MP. The resonances they found occur in the sidewall of the cell, where the longitudinal E field is minimum.
With only 1% of the maximum field level electrons can still
be accelerated up to 1 keV in a 0.1 mm trajectory, giving
SEY bigger than unity and having multipactor resonance.
In the present work, a study of the MP discharge in the
CLIC/CERN cavities is described, distinguishing between
damped and undamped structures. In the first section, CST
simulations are presented which track field emitted electrons
and also include secondary electron emission (SEE) property in the material walls. The simulations show that FE
electrons are pushed by ponderomotive forces to the outer
cavity regions after which they enter MP resonant trajectories. A novel experiment to directly measure this effect using
a modified TD24 CLIC cavity is proposed. This set-up could
also be used for different important measurements related to
MP and RF breakdown.

FIELD EMISSION AND MULTIPACTOR
SIMULATIONS IN THE CLIC CAVITIES
The RF cavities used in this work are 12 GHz travelling
wave CLIC prototype accelerating structures working in the
2π/3 mode, their phase velocity is equal to the speed of light
by design [10]. We focus in the transversal DC of a single
cell, as the electron share from neighbour cells has not been
seen to be relevant. Doing particle simulations of the FE
MC7: Accelerator Technology
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Abstract

Dark current is particularly relevant during operation in
high-gradient linear accelerators. Resulting from the capture
of field emitted electrons, dark current produces additional
radiation that needs to be accounted for in experiments. In
this paper, an analysis of dark current is presented for four
accelerating structures that were tested and conditioned in
CERN’s X-band test facility for CLIC. The dependence on
power, and therefore on accelerating gradient, of the dark
current signals is presented. The Fowler-Nordheim equation for field emission seems to be in accordance with the
experimental data. Moreover, the analysis shows that the
current intensity decreases as a function of time due to conditioning, but discrete jumps in the dark current signals are
present, probably caused by breakdown events that change
the emitters’ location and intensity.

INTRODUCTION

The operation of high-gradient (HG) linacs is limited by
RF breakdowns (BD). These are vacuum arcs produced due
to high surface electric fields present on the inner cavity
walls. In addition to breakdowns, HG structures are also
affected by the so-called dark current (DC), which is formed
by field emitted electrons that are accelerated through the
structure [1].
Dark current is an important phenomenon to be studied
in HG structures because it can cause RF energy absorption,
background noise in the beam position monitors, and also
ionizing radiation. DC is also linked to the damaging RF
breakdowns. The magnitude of the field emitted current follows the Fowler-Nordheim law [2], which can be expressed
through the simplified expression
−b
βE
J = aβ E e
2

2

fields they need to sustain in normal operation. During conditioning, both accelerating gradient and pulse length are
gradually increased keeping the breakdown rate (BDR) low.
By the end of this procedure the accelerating prototypes
are able to run within the CLIC constraints [3, 4], which
means with an average gradient of 100 MV/m at 250 ns
pulse length, for a BDR < 3 × 10−7 bpp/m (breakdowns
per pulse per meter). The breakdown rate slowly decreases
through the conditioning process [5], and that is related with
a reduction in the dark current measured in normal pulses,
as it will be shown in the following sections.
In this work we present the dark current analysis of the
conditioning data taken in the CERN facility for several
CLIC prototypes. First we introduce the data available and
the analysis procedure. Later on we explain the main characteristics observed in the dark current behaviour during
long term operation: the reduction of the emission during
conditioning and the fitting to the Fowler-Nordheim law at
different stages of it.

DARK CURRENT ANALYSIS
The analysis presented here makes use of the data recorded
during the conditioning of several CLIC prototypes in the
HG X-band test facilities available at CERN, no further
explanation of the stands will be presented as they have been

(1)

where a and b are constants that depend on the metal work
function, E is the surface electric field and β is the field
enhancement factor in the emitters.
The RF conditioning is a procedure that aims at progressively adapting the HG accelerating structures to the high
∗
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Figure 1: Example of traces measured at Xbox 2.
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HOM DAMPED NORMAL CONDUCTING 1.5 GHz CAVITY DESIGN EVOLUTION FOR THE 3RD HARMONIC SYSTEM OF ALBA STORAGE RING
B. Bravo, J. M. Alvarez, A. Salom, F. Perez, CELLS – ALBA, Cerdanyola del Vallès, Spain

Abstract
In a collaboration framework with CERN, ALBA has designed a normal conducting active 1.5 GHz cavity which
could serve as main RF system for the Damping Ring of
CLIC and as an active third harmonic cavity for the ALBA
Storage Ring (SR). The third harmonic cavity at ALBA
will be used to increase the bunch length in order to improve the beam lifetime and increase the beam stability
thresholds. The main advantage of an active third harmonic
cavity is that optimum conditions can be reached for any
beam current. This paper presents the evolution of the preliminary design of this cavity and its trans-dampers: high
order modes coaxial dampers with waveguide transitions
to N, which allows extracting the power of the high order
modes induced by the beam outside of the cavity and to
dissipate it using standard loads. This approach has two
main advantages: no ferrites brazing is needed and they
provide a diagnostic to analyse the beam dynamics. The
new features of the design, together with electromagnetic
simulations, mechanical and thermal stress analysis will be
presented in this paper as well as the first stages of the prototype production status.

INTRODUCTION

The fundamental RF system of ALBA SR is based on
normal conducting high order mode damped cavities working at 499.654MHz [1,2] and fed by IOT power amplifiers.
For the RF 3rd Harmonic System of ALBA SR a similar
system, based on normal conducing high order mode
damped cavities, will be employed [3].
The main advantage of an active third harmonic system
in opposition to passive super conducting cavities is that
optimal beam lengthening conditions can be achieved regardless the beam current [4,5].
Table 1 summarizes the main design parameters of the
3rd Harmonic Cavity (3HC) of ALBA to achieve the optimum conditions at maximum SR current.

rscraper

 y , scraper



rpipe

 y ,cav

 rpipe 

ry , scrapper  y ,cav

 y , scrapper

 4.4mm (1)

A safe margin of 2.5 times respect to the minimum pipe
radius was considered and the closest standard conflat
flange was selected, which in this case was CF35 with
23mm of diameter.
Table 1: Third Harmonic Cavities Requirements
Parameter
Total Voltage
Frequency
BBU threshold
HOM Longitudinal Z
HOM Transversal Z
Nominal/Max power
Number of cavities

Value
1.1MV
1.49896GHz
> 400mA
< 5 MOhms. MHz
< 50kOhms/m
16/20 kW
4

Cavity Geometry Optimization
Figure 1 represents the transverse cut of a quarter of the
3HC. It shows the main geometrical parameters considered
for its optimization, where Quality Factor (Q), Shunt Impedance (Rs) and Resonance Frequency (fr) are the parameters to optimize.
The gap width (g) results from a trade-off between transient-time factor and electric field, integrated along the
axis. The shunt impedance shows strong dependence of the
nose-cone radius (r_nose) and a weak dependence on the
nose-cone angle (angle_nose).

CAVITY DESIGN

CST 3D Simulation Software has been used to optimize
the design of the cavity.

Beam Pipe Radius
The beam pipe radius was the first constraints considered
for this design and it was defined by the beam aperture of
the present lattice of ALBA SR, determined by the scrapper
position to protect the In-Vacuum Undulators. The 3rd Harmonic section will be placed in a straigth section with small
dispersion and βy,cav = 5.15m and ßx,cav = 9.18m. The minimum beam pipe radius is determined by the half-aperture
requirement at the cavities as shown in Eq (1):
WEPRB060
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Figure 1: One quarter of ALBA 3rd Harmonic Cavity and
main geometrical constraints.
The radius of the nose is the parameter with highest impact on the shunt impedance, and thus, on the achievable
voltage of the cavity. However, this voltage is limited by
the RF breakdown is defined by Kilpatrick criterion shown
in Eq (2):
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THE INTEGRATION AND RF CONDITIONING OF THE ESS DOUBLESPOKE PROTOTYPE CRYOMODULE AT FREIA
H. Li, A. Miyazaki, R. Santiago Kern, L. Hermansson, K. Gajewski, K. Fransson, R. Ruber,
Uppsala University, Sweden

Abstract

Table 1: Main Parameters of Double-spoke Cavities

The European Spallation Source (ESS), will adopt a single family of double-spoke cavities for accelerating the
proton beam from 90 to 216 MeV between the normal conducting section and the elliptical superconducting cavities.
They will be the first double-spoke cavities in the world to
be commissioned for a high power proton accelerator. The
first double-spoke cavity cryomodule for the ESS project
is under high power test at Uppsala University. This paper
presents the experience with the prototype cryomodule including integration and RF conditioning.

INTRODUCTION

Superconducting spoke cavities have some unique advantages and are considered to be used in worldwide proton accelerators such as ESS, PIP-II and CiADS
[1][2][3][4]. However, as a new resonator structure, the
knowledge of the spoke cavity is not as extensive as for the
elliptical cavity technology.
ESS will be the first accelerator to be equipped with double-spoke cavities in the world. The superconducting double-spoke section of the ESS linac increases the proton
beam energy from 90 to 216 MeV, β = 0.41 to 0.58, from
the normal conducting section to the elliptical superconducting cavities. This section adopts bulk niobium doublespoke cavities, a total of 26 cavities, grouped by 2 in 13
cryomodules (CMs) [5].
The ESS double-spoke CM is designed and fabricated
by IPN Orsay, France. The testing of the prototype and series CMs is performed at Uppsala University, Sweden,
where the Facility for Research Instrumentation and Accelerator development (FREIA) was established for the development of instrumentation and accelerator technology [6].
This test represents an important verification milestone before the ESS tunnel assembly.
The high power test-stand at FREIA for the ESS doublespoke prototype CM consists of two high power RF stations running with tetrode tubes, two high power circulator
protection devices, a water cooling system, a load, a cryoplant and two low level radio frequency (LLRF) systems
based on either self-excited loop (SEL) or open loop. The
object of this test thus becomes the validation of the complete RF-cavity chain consisting of high power RF amplifier, high power RF distribution, fundamental power coupler (FPC), double-spoke cavity CM, cold tuning system
(CTS), and LLRF system.

SUPERCONDUCTING CAVITIES

Parameter
Frequency (MHz)
Temperature (K)
Pulse beam mode duty factor
(%)
Repetition rate (Hz)
Nominal Eacc (MV/m)
Beta (optimal)

ESS Doublespoke cavity
352.21
2
4
14
9
0.5

Two double-spoke cavities have been fabricated and installed in the prototype CM. Both cavities completed their
own vertical test at IPN Orsay with an excellent performance. Both cavities showed promising quality factors of
about 8×109 and a maximum Eacc above 12 MV/m [7].
One cavity was previously tested at FREIA with its power
coupler [8].

SYSTEM INTEGRATION
A prototype valve box was installed and was connected
to the FREIA cryo-plant where it will be permanently located for the coming 13 series CM acceptance testing [7].
The prototype valve box is slightly modified from the final
series to adapt it to the FREIA infrastructure using a buffer
helium tank and using liquid nitrogen for the thermal shield
cooling. Several cryogenic experiments of this valve box
were accomplished at FREIA in order to check the performance of the instrumentation and equipment inside after
the long distance shipping as well as the leak-tightness of
all piping. However, while working at 4 K, the presence of
thermo-acoustic oscillations was found. In order to reduce
this effect, a small volume with a needle valve was added
to an existing pipe. The prototype CM equipped with the
FPC and cold tuning system was shipped to FREIA, where
it was then connected to the doorknob, the valve box, the
cryo-plant and the high power system. The doorknob is located at a compact space right below the CM and therefore
was installed on-site before moving the CM into the bunker. Its successful installation proves the feasibility of mechanical construction design and gives a standard procedure for future CM installations at FREIA and ESS. A vacuum pumping cart provided by ESS was then connected to
the CM beam vacuum in a portable clean room.
Figure 1 shows the prototype CM and valve box installed
at FREIA.

The basic design parameters for the ESS double-spoke
cavity are listed in Table 1[3]:
WEPRB061
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SPATIALLY RESOLVED DARK CURRENT IN HIGH GRADIENT
TRAVELLING WAVE STRUCTURES
J. Paszkiewicz1 ∗ , P. N. Burrows1 , John Adams Institute, Department of Physics,
University of Oxford, Oxford, United Kingdom
W. Wuensch, European Organisation for Nuclear Research (CERN), Geneva, Switzerland
1 also at European Organisation for Nuclear Research (CERN), Geneva, Switzerland

Abstract

High-gradient accelerating structures are known to produce field-emitted current from regions of high surface field,
which are captured and accelerated by the fields within the
structure. This current is routinely measured in structures under test in the CLIC (Compact Linear Collider) high-gradient
test stands using Faraday cups. This paper presents a novel
technique to spatially resolve the longitudinal distribution of
field emitted current by analysing downstream Faraday cup
signals when the structure is fed with RF pulses much shorter
than its filling time. Results from this method applied to
X-band cavities operating at 100 MV/m are presented, and
are compared to breakdown position distributions. A decay
in emitted current as conditioning progressed in regions with
a low breakdown rate and large jumps in regions with a large
breakdown rate are observed.

INTRODUCTION

As part of the development program for the Compact
Linear Collider (CLIC) [1], high-gradient accelerating structures are tested at high power without beam in the XBox test
stands at CERN [2, 3]. Among other diagnostics, Faraday
cups are mounted on the beam axis on the upstream and
downstream ends of the structure. Due to the high peak
surface electric fields, on the order of 230 MV/m, that occur
within the structure at nominal power, electrons are fieldemitted from the structure surface and can be measured as
current in the Faraday cups.
The field-emitted current, known as ‘dark current’, has
been used to gain insight into the conditioning of structures.
Currently, the Faraday cups only provide information about
dark current emitted from the structure as a whole [4]. The
method described here allows information about the spatial
distribution of the dark current sources to be obtained using
only hardware already in place. The spatially resolved field
emission profile may in the future be used to monitor the conditioning process, identify cells with anomalous behaviour
before developing into hot cells, and guide the RF design
process.

METHOD

The structures under test at the XBoxes have low group
velocity (values of 0.01c - 0.02c are typical) [5, 6] and support accelerating fields on the order of 100 MV/m which
can accelerate field-emitted electrons to near c within a few
∗
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Figure 1: Dark current signals measured at the downstream
Faraday cup with different RF pulse lengths.

millimetres, which means that captured electrons travel from
the emission site to the Faraday cup much faster than the
RF pulse itself [4]. Because of this, a ramp in the downstream dark current signal can be observed as the structure is
gradually filled with RF and more area gets exposed to high
enough electric fields to cause measurable field emission, as
can be seen in Fig. 1.
The bandwidth of the structure and high power RF system
is sufficient to allow pulses shorter than the filling time of
the structures to be delivered to the structure. One can take
advantage of this by generating very short RF pulses of
about 10 ns long to use as a diagnostic method, in contrast
with typical pulse lengths between 50 ns and 200 ns used for
conditioning and operation. As the short pulse propagates
through the structure, different longitudinal sections of the
structure become exposed to high electric fields and undergo
field emission. Under these conditions, the signal measured
at the downstream Faraday cup at different points in time
represents field emission from a different positions in the
structure. This allows the field emission characteristics of
the structure to be mapped longitudinally.
Measurements of dark current with short pulses at different field levels were taken regularly over the course of
conditioning of the T24PSI1 and T24PSI2 structures [6]
in XBox 2 and the T24N4 structure in XBox 3. The RF
pulse shape for this measurement was chosen to minimise
the duration of field emission - the shortest attainable pulse
had a duration of 8.8 ns over which the field exceeded 90%
of the peak value.
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Abstract

A new RF system is being established at XBOX1 to drive
two 100 MV/m CLIC structures in the CLEAR electron linac.
In the past, these structures had been powered by RF from
PET structures excited by a drive beam. This drive beam is
no longer available. The upgrade will reroute power from
the 50 MW klystron and pulse compressor which was previously used to power the structure in XBOX1. During the
upgrade, the LLRF system will be optimised to improve the
modulation of the output signals and down-mixing of the
returning signals to obtain accurate phase and amplitude information. The design of the improved LLRF and software,
along with phase noise measurements and comparisons with
the old system are made in this paper.

INTRODUCTION

The Compact Linear Collider (CLIC) project has led to
investment in X-band technology at CERN [1]. Three Xband test stands provide high power pulses at 11.9942 GHz
to condition accelerating structures and other high power
RF components. XBOX1, the first of the three test stands,
was designed and commissioned in 2012 [2]. Since commissioning there has been little change to the infrastructure
at XBOX1. In comparison, at XBOX2 [3] and 3 [4] developments have been made to the low level RF (LLRF)
and data acquisition software. CLEAR is the new title of
the former CLEX linac at the CLIC test facility (CTF3) at
CERN [5]. Previously two TD26 ‘super-structures’ were
installed in CLEX to test the two beam concept [6]. Following the test, one of the structures has remained in the
beam line without a high power connection. The drive beam
has since been decommissioned, however, there is still a
requirement to power the cavity, this will be done with the
XBOX1 klystron. Parallel to the development of a drive
beam based CLIC [7], a klystron based CLIC has been proposed where high-power X-band klystrons power the accelerating structure directly, ("klystron based CLIC"). The plan
is to connect the 50 MW klystron from XBOX1 to the TD26
‘super-structure’ at CLEAR and to upgrade the XBOX1 electronics and software to align them with the other X-band test
benches. This involves rewriting the acquisition software
and completely replacing much of the low level electronics. A 25 m line of low loss over-moded waveguide has
been installed to transport the power from the XBOX1 pulse
compressor to the ‘super-structure’ in CLEAR. The line is
∗
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currently under vacuum and terminated with two high power
loads. The waveguide and components will be conditioned
to high power before connecting to the structure in order
to minimise downtime for the CLEAR linac and ensure the
conditioning of the ‘super-structure’ is not limited by any of
the components in the line. The software is being rewritten
so that all of the test stands will use almost identical control
and conditioning algorithms.

ORIGINAL XBOX1 LLRF
The current XBOX1 pulse forming network (PFN) is
shown in Figure 1. The PFN contains many clock and
trigger signals with multiple timing cards and level conversions spanning over multiple electronics racks and occupying multiple crates, the system is unnecessarily complicated.
Originally XBOX1 acquired IQ demodulated signals during
breakdown pulses and used log detectors for fast interlock
responses and real time monitoring. However, the IQ demodulation was low resolution and is now non-functional.
The remaining diodes and log detectors can only obtain amplitude information for analysis. In the upgrade, the PFN
will be replaced by a National Instruments (NI) modulation
card in the PXI chassis [8]. The clock and trigger system
will be replaced by a single NI timing card [8]. All clocks
and triggers will be generated from this with the exception of
the master oscillator from CLEAR and a ‘Start RF’ trigger
to synchronise correctly with the beam. Hence, after the
upgrade the circled components in Fig. 1 will be replaced
by NI card and single electronics crate.

Figure 1: Original XBOX1 LLRF, circled components to be
re-moved by upgrade.

LLRF UPGRADE
The XBOX1 system must allow for synchronisation with
the CLEAR linac so that the high-power RF pulses can be
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Abstract

The three X-band test facilities currently at CERN aim
at qualifying CLIC structures prototypes but are also extensively used to qualify X-band components operation at high
power. In order to upgrade one of the facilities from a single
test line to a double test line facility, a high power variable
splitter and variable phase shifter have been designed and
manufactured at CERN. They have been power tested, first
in a dedicated test and also in their final configuration, to ensure stable power operation before installing them together
with an accelerating structure. In this paper, we broadly
describe the RF and mechanical design, manufacturing and
low power measurements agreement with simulations. We
report the high power qualification of both components and
their suitability to be used in existing and planned X-band
facilities.

INTRODUCTION

The design of the RF power splitter and phase shifter
must satisfy the requirements of X-band RF technologies
in particle accelerating structures. These requirements include high power level (up to 100 MW for short pulse length
([50-200] ns). The geometry of both components have been
designed to have a compact size and large bandwidth. The
surface field is also minimized to reduce possible RF breakdown in high-power use.

RF AND MECHANICAL DESIGN

Variable RF Power Splitter

The variable RF power splitter implements the concept of
RF circular polariser (see Fig. 1), signals coming from the
middle waveguides will excite modes with orthogonal polarization in the connected circular waveguide. The circular
waveguide is terminated by a short circuit piston, which reflects both polarisations equally. The output power to ports 2
and 3 is adjusted by mechanically changing the position of
the piston. The mechanical design shows the contact free
piston and the upper flange where a step-motor is connected
providing its precise movement [1].

RF Phase Shifter
The RF phase shifter design is also based on the concept
of the RF circular polariser and a movable piston to change,
in this case, the phase between the ports (see Fig. 2). The
∗

Figure 1: Variable RF splitter HFSS simulations (a) and
general view of mechanical design (b).
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Figure 2: Phase shifter HFSS simulations (a) and general
view of mechanical design (b).

design is symmetric, thus, both ports can be used as either
input or output. The RF phase variation is 20◦ /mm of piston
displacement. When the piston comes closer to the circular
waveguide transition the isolation deteriorates, so the minimum distance between the transition and the piston is limited
to 20 mm to ensure good isolation with large bandwidth [2].

LOW POWER MEASUREMENTS
After manufacturing of both components and their respective pistons, a step-motor was mounted in each of them (see
Fig. 3) and they were ready for low power testing with the
VNA. Results from these measurements have been compared
with simulations.

Variable RF Power Splitter
Port 1 was used as the input so the transmission coefficients in Figure 4 correspond to S21 and S31 parameters
in a 4-port VNA. Open and close refer to the position of
the piston allowing all power (open) through that port or
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MULTI-PHYSICS COMPUTATION AND DEFORMATION TESTING OF A
SHELL-TYPE 1.5-GHZ CAVITY*
M. C. Lin†, C. H. Lo, National Synchrotron Radiation Research Center, Taiwan
M. K. Yeh, M. R. Lu, National Tsing-Hua University, Taiwan

Abstract

INTRODUCTION

Several superconducting radio-frequency (SRF) cavities
have been developed to serve in particle accelerators and
synchrotron light sources. Two 500-MHz SRF modules of
KEK type are operated as the main accelerating cavities [1,
2] of the Taiwan Photon Source (TPS) in National Synchrotron Radiation Research Center (NSRRC). The installation of harmonic cavities in the near future is under consideration, mainly to increase the lifetime of the electron
beam. Successful application of third-harmonic SRF cavity has been demonstrated at the Swiss Light Source (SLS)
and Italian Synchrotron Light Laboratory (ELETTRA) [3].
Technical transfer from KEK [4] made available to
NSRRC related engineering drawings of the KEK-type
500-MHz SRF cavity. This cavity is thus scaled down to
approach its fundamental mode for target resonant frequency 1.499 GHz as the third-harmonic cavity of TPS [5].
Figure 1 shows the proposed geometry; the main dimensions are total length 320.3 mm, equatorial radius 87.6 mm,
and iris radius 36.7 mm. The software ANSYS [6] was
used in a previous work [5] to simulate not only the shift
of its resonant frequency but also the required force with
varied longitudinal compression. The entire main cavity
surface was found to be subject to a large magnetic field,
with small spikes appeared on the sloping sections and exhibited peak values that varied with meshes. This issue is
first studied herein to show that this uncertainty can be
solved with appropriate computational options and meshes.
Moreover, a copper prototype of this cavity was manufactured for testing and technique development. Longitudinally compression and cooling with liquid nitrogen were
then applied to this prototype to investigate the frequency
shift of its fundamental mode and to examine the accuracy
of calculation of the numerical models.
____________________________________________
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Figure 1: Main dimensions of a copper prototype of the
1.5-GHz SRF cavity.

FEM COMPUTATION
Convergence Test
To compute the EM field of the cavity with ANSYS, we
select the 20-node hexahedral element HF120 because of
the curved boundaries shown in Fig. 1. This element has
an option for its degrees of freedom (DOF): 12 and 54 DOF
for the 1st-order and 2nd-order element option, respectively.
The 1st-order element option was adopted in previous work
[5], in which the calculated magnetic field on the cavity
surface had small spikes on the sloping sections near irises
of the cavity. This inaccuracy might also affect the calculated resonant frequency. The 2nd-order element option is
thus here used to calculate the EM field of the same cavity
as an examination. The first step is to test the convergence
of its resonant frequency f0 of the TM010 mode.

Figure 2: Calculated resonant frequency of the TM010 mode
converges much more rapidly for the model with the 2ndorder element option.
Figure 2 shows that, with the 1st-order element the calculated resonant frequency f0 varies from 1.4996 GHz to
1.4974 GHz as the total number N of elements increases
from 45,111 to 318,045, whereas with the 2nd-order element it converges from 1.49682 GHz to 1.49665 GHz as N
increases from 936 to 79,761. The resonant frequency f0
calculated with the 2nd-order element option is smaller and
converges much more rapidly. The model with the 2nd-order element option has the same resonant frequency of the
TM010 mode, f0 =1.49665 GHz, as the total element number
MC7: Accelerator Technology
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A copper prototype of a 1.5-GHz cavity was manufactured to simulate a superconducting radio-frequency cavity
for technique development. Frequency tuning with longitudinal compression of this prototype and cryogenic cooling with liquid nitrogen were performed to examine the numerical results from finite-element models, mainly the corresponding shifts of the fundamental resonant frequency.
An appropriate element option improved the accuracy of
the resonant frequency and the distribution of the magnetic
field. Effects of geometry distortion of an uneven length on
the frequency shift of this shell-type cavity as loaded on
longitudinal compression are also examined and discussed.
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UTILIZING THE HIGH SHUNT IMPEDANCE TM020-MODE CAVITY IN
THE DOUBLE RF SYSTEMS FOR THE STORAGE RING OF THE
THAILAND NEW LIGHT SOURCE
N. Juntong∗ , T. Phimsen,
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand
N. Chulakham, S. Malichan, Udon Thani Rajabhat University, Udon Thani, Thailand

Abstract

The utilization of the TM020-mode cavity for the storage
ring based light source was pioneered by SPring-8 with
its high quality factor and hence its high shunt impedance.
KEK-LS has also studied the possibility of using this type
of cavity for their storage ring. The TM020-mode cavity
has larger transverse dimension compared to the traditional
TM010-mode cavity, but with its higher shunt impedance it
can be designed to Ąt in the new low emittance storage ring
regardless. The new storage ring based light source project in
Thailand aims to optimum the low emittance beam in nanometers region with the energy of 3 GeV. The TM020-mode
cavity was considered as the main cavity and the harmonic
cavity for the storage ring. They have been designed to have
their pipe aperture Ąts the storage ring beam ducts. The
main cavity has a high shunt impedance of 8.3 MΩ with the
51,000 unloaded quality factor. The harmonic cavity has
a high shunt impedance and an unloaded quality factor of
2.45 MΩ and 36,000, respectively. The damping mechanism
of the parasitic modes and the tuning mechanism of the
operating mode of these cavities were also studied. There
will be four main cavities and six harmonic cavities in the
new storage ring. Detailed design and study of these cavities
will be presented.

INTRODUCTION

Synchrontron Light Research Institute (SLRI) has got an
oicial approval to construct the new light source project,
unoicial namely the SPS-II. It is the ring-based light source
with the electron energy of 3 GeV. The maximum stored
electron beam current is 300 mA with the emittance less
than 1 nm rad [1] . The radio frequency (RF) system of the
storage ring is based on the 500 MHz frequency system. The
RF cavity utilizes the normal conducting technology. The
main RF cavity for an electron beam energy compensation
should provide the total cavity voltage of 2.2 MV [2]. The
third harmonic cavity will also be used in the storage ring to
lengthen the electron bunch for prolonging the beam lifetime.
In order to get a total high cavity voltage with less energy
consumption, one should design the cavity with as high as
possible the shunt impedance. The TM020-mode RF cavity
was originally proposed by Ego et al. [3, 4] to realize a high
quality factor (Q) and a suicient shunt impedance for accelerating the beam. This TM020-mode cavity was designed for
the storage ring of the SPring-8 upgrade project [4] and will
∗
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be utilized in the new Japanese 3 GeV light source project
in Sendai area [5]. KEK-LS has also studied the possibility
of using this type of cavity for their storage ring [6Ű8]. The
TM020 resonant mode cavity has a high unloaded-Q and a
low value of shunt impedance over quality factor (R/Q) compare to the conventional TM010-mode cavity. The multiply
of Q and R/Q gives the shunt impedance of the cavity. This
makes the TM020-mode cavity has a high shunt impedance
despite its low R/Q. With a high shunt impedance, the cavity will require less RF power to produce the accelerating
voltage. It reflects the lower electricity consumption of the
storage ring.

MAIN RF CAVITY DESIGN
The frequency of the main RF cavity is 500.12 MHz. The
cavity design was based on the SPring-8 TM020-mode cavity [3]. The diameter of beam port was reduced from 70 mm
to 40 mm in order to fit vacuum duct’s diameter of the storage ring. Superfish 2D cavity design code [9] was used
for tuning of cavity dimension. The 2D cavity design was
later verified by simulations using the 3D software, CST Microwave Studio [10], for a realistic cavity shape with ports,
tuners, and couplers.
The first design was a modified SPring-8 TM020-mode
cavity [3]. The cavity was tuned to get the SPS-II frequency.
RF properties are listed in Table 1. This cavity has 70 mm
beam port aperture, which is larger than the vacuum chamber
diameter. The new design was optimized to fit the 40 mm
diameter of beam port. The new cavity has diameter of
960 mm and 160 mm accelerating gap as the cavity profile
shown in Fig. 1. It has the R/Q of 163 Ω, the unloaded Q of
51,000, and the 8.3 MΩ shunt impedance. Cavity properties
are listed in Table 1. With this high shunt impedance, there
will be four cavities installed in the SPS-II storage ring.
These four cavities can produce a required cavity voltage
of 2.2 MV by operating each cavity at the cavity voltage of
550 kV.

Frequency Tuner Design
Frequency tuners has been added in 3D simulation to
investigate the tuner behavior of the cavity. The tuner is
a copper rod with diameter of 95 mm. Two tuners are required to get the cavity frequency in range of ±0.5 MHz by
moving each tuner in range of ±50 mm as the relation curve
illustrated in Fig. 2.
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Ka-BAND LINEARIZER STUDIES FOR A COMPACT LIGHT SOURCE∗
A. Castilla1† , G. Burt1 , A. Latina2 , X. Liu2 , W. L. Millar1,2 , X. Wu2 , W. Wuensch2
1 Lancaster University, Lancaster, UK
2 European Organisation for Nuclear Research (CERN), Geneva, CH

Abstract

The CompactLight project is currently developing the
design of a next generation hard X-ray FEL facility, based
on high-gradient X-band (12 GHz) structures, bright electron photo-injectors, and compact short period undulators.
However, to improve the brightness limitations due to the
non- linear energy spread of the electron bunches, a Kaband (36 GHz) linearizer is being considered to provide a
harmonic compensation during the bunch compression. In
this paper, we analyze the feasibility of such linearizer.

INTRODUCTION

The CompactLight (XLS) machine has different schemes
under study, both the science requirements and the facility
design options are discussed in [1, 2]. The machine layout
under study in this paper, requires a 36 GHz linearizer that
can provide up to 25 MV of integrated longitudinal voltage,
to correct for the bunch energy spread. Therefore the scope
of this manuscript centres on determining the feasibility
for such a structure, from the view point of the available rf
power [3], and the final structure length necessary to provide
the given voltages at such frequency.

SINGLE CELL DESIGN

We start by exploring the parameter space of the single
cell geometry. For this, we have selected 2 main cell geometries, a simple and a reentrant cell, depicted in Fig. 1 as (1)
and (2), respectively. For each one of these two geometries
we scanned three different variations: non curved edges,
single curved edge, and double curved edges, also shown in
Fig. 1 as (a), (b), and (c), respectively.
After exploring the parameter space for each of the geometries, it was determined that for both cases: simple (1)
and reentrant (2), the most promising variants corresponded
to the double bend edges case (c). Therefore, to illustrate the
optimization process, we will only compare the rf properties
of these configurations, as a function of the iris aperture for
each phase advance (120◦ and 150◦ ), as shown in Figs. 2
and 3.
Figure 2 shows that while the phase advance does not reflects on a considerable difference for the shunt impedance,
it has a slight improvement on the intrinsic Q-factor (top)
with the aperture, and that the attenuation factor is comparable between both phase advances at around 22-m iris radius
and above (bottom), for a given iris aperture, in the case of
the simple geometry.
∗

†

Figure 1: Sketches of the simple (1) and reentrant (2) single
cell geometries, and their non (a), single (b), and double (c)
curved edges variations.
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Figure 2: Plots of the shunt impedance and Q-factor (top),
group velocity and attenuation factor (bottom) of the simple
double bend geometry as a function of the iris aperture.
Figure 3 shows for the reentrant cell, that the shunt
impedance follows a similar trend as for the simple cell,
but in this case the 120◦ and the 150◦ variations can easily
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WAKEFIELD SUPPRESSION IN A MANIFOLD DAMPED AND DETUNED
STRUCTURE FOR A 380 GEV CLIC STAGED DESIGN
 also
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Abstract

The ﬁrst stage of the Compact Linear Collider (CLIC)
project aims to collide electrons and positrons at a 380 GeV
center of mass energy. In the baseline design the main linacs
for this staged approach are required to achieve a gradient
of 72 MeV/m, with the surface electromagnetic ﬁelds (EM)
and the transverse long-range wakeﬁelds bound by beam
dynamics constraints. The baseline design utilizes heavy
damping in a traveling wave (TW) structure. Here we report on an alternate design, which adopts moderate damping
along with strong detuning of the individual cell frequencies. In the context of this Damped and Detuned Structure
(DDS) design, we study Gaussian and hyperbolic secant
dipole distributions, together with interleaving of successive
structures, to facilitate long-range transverse wakeﬁeld suppression. Both analytic and modal summation approaches, in
the quasi-coupled approximation, produce consistent results.
In the optimisation scheme we opt for a dipole frequency
bandwidth of 17.7% (2.92 GHz).

INTRODUCTION

A 380 GeV staged design will provide an opportunity to
study Standard Model (SM) Higgs and top quark physics.
The ﬁrst stage in the baseline design will deploy a two-beam
acceleration (TBA) scheme, to source the power to the accelerating structures which will provide an accelerating gradient
of 72 MV/m at 11.994 GHz and 2π/3 phase advance [1–3].
The gradient is reduced from the 3 TeV design of 100 MV/m,
to accommodate an increase in bunch charge from 0.59 nC
to 0.83 nC. The electric and magnetic ﬁelds on surface are
limited to 220 MV/m and 500 kA/m respectively to minimise electromagnetic breakdown. The loss in the average
accelerating gradient is partially compensated by increasing
the number of accelerating cells per structure from 24 to 33.
In addition to the monopole mode, the dipole modes must
be accounted for. These eigenmodes give rise to a transverse
momentum kick to the beam. The short-range wakeﬁeld
is aﬀected by the average iris aperture and the long-range
wakeﬁeld can be suppressed by damping. As the CLIC
design entails 352 bunches spaced from each other by 6
RF cycles ( 0.5ns) then the long-range wakeﬁeld must be
suppressed to minimise emittance dilution. For the CLIC
project the overall emittance dilution is constrained to no
more than 10% [1–4] and this limits the wakeﬁeld on the trailing bunches to be no more than 3.7 V/pC/mm/m [1–3, 5, 6].
The baseline design [1,7] opts for heavy damping (Q∼10) by
∗
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coupling out the wakeﬁeld through slots to attached damping
materials.
Here we oﬀer an alternate approach which invokes strong
detuning along with moderate damping in a TW structure.
The frequencies of the dipole modes are detuned and in addition moderate damping is applied by coupling the ﬁeld out to
four attached manifolds. Simulation of an entire structure is
impractical from a design point of view. Thus we investigate
and optimize a structure based on a ﬁrst-order design using a
quasi-coupled structure –which serves as a rapid design tool.
A more accurate ﬁnal calculation of the wakeﬁeld, based on
the spectral function method [8] (veriﬁed against numerous
experiments on previous designs [5, 8]) will be reported on
in a subsequent publication.
The structure is designed by maximizing the accelerating
gradient, minimizing the transverse long-range wakeﬁeld,
whilst constraining the surface EM ﬁelds to tolerable values,
and this approach is discussed in the next section. This is
followed by a section on the details on the minimisation of
wakeﬁeld, which is eﬀected by detuning the individual cell
frequencies. We conclude with some ﬁnal remarks.

RF STRUCTURE DESIGN
In our TW structure design we focused on a 2D representation of cells (and omit the slots which aﬀect the manifold coupling and break the symmetry). In the optimization
scheme we modify the shape of the cell in order to minimize
the surface EM ﬁelds and at the same time we investigate
several dipole distributions. In the design of the dipole distribution we aim at maximizing the bandwidth and at the same
time we modify the dipole σ of the distribution in order to
place the ﬁrst trailing bunch on the zero of the transverse
wakeﬁeld.
The Poisson Superﬁsh code [6] facilitates rapid computation of the monopole EM ﬁelds and a front end to this was
written in Python to aid the tuning of each cell. A Superﬁsh
model for a typical cell is shown in Fig. 1. To expedite design, only 9 ﬁducial cells are required to be simulated, as
parameters for all 33 cells are interpolated from a mapping
function [5]. RF parameters such as quality factor (Q), normalized shunt impedance (R/Q) and maximum normalised
surf
surface electric (Esurf
max /Eacc ) and magnetic (Hmax /Eacc ) ﬁelds
are extracted from the output ﬁle, while the group velocity
vg is calculated using dispersion relation obtained from circuit model [9, 10]. The dipole characteristics parameters are
simulated using HFSS [11]. To expedite the design optimisation, cell dimensions a and t were scanned to create a 2-D
interpolation mesh of RF parameters.
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FACILE DEPOSITION OF SUPERCONDUCTING MgB2 THIN FILMS ON
SUBSTRATES: A COMPARATIVE INVESTIGATION OF
ELECTROCHEMICAL DEPOSITION AND MAGNETRON SPUTTERING
TECHNIQUES
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Facilities Council, Warrington, United Kingdom
1
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Abstract

In this work, we investigate the application of two
approaches-electrochemical deposition and magnetron
sputtering of MgB2 powder, to fabricate MgB2 films with
potential accelerator applications. While electrochemical
deposition yielded MgB2 films showing superconducting
properties, the adhesive strength was observed to be poor.
Magnetron sputtering, on the other hand, provided
uniform thin films with excellent adhesive properties but
mismatch
in
stoichiometry
meant
that
no
superconductivity was observed. Further work to fine
tune the deposition processes for large scale MgB 2
deposition inside actual RF cavities is in progress.

INTRODUCTION

Since the discovery of superconductivity in binary
metallic MgB2 (critical temperature Tc of 39K) [1], a
significant amount of work has been carried out to
fabricate high quality thin films of this new material for
fundamental studies and device applications. One such
application is the coating of Copper cavities with a layer
of MgB2 thin film, an attractive alternative to using
expensive bulk Nb cavities. The advantages of such
coatings include lower costs, improved thermal stability
(due to the presence of Cu) as well as potential higher
accelerating gradients [2].
Numerous methods have been developed over the years
for fabricating MgB2 coatings, including magnetron
sputtering/co-sputtering, chemical vapour deposition,
electrochemical deposition, HPCVD etc. [3-5] In this
work we explore the practicality of using two different
techniques, electrochemical deposition and magnetron
sputtering of MgB2 powder in an attempt to engineer
stable,
uniform
MgB2
films
with
potential
superconducting properties.

MATERIALS AND METHODS

MgB2 powder (≥99% purity, particle size: ~149 µm)
was procured from M/s Sigma Aldrich and used as
received. Copper (Cu) films were procured locally and
cleaned thoroughly by ultrasonication in acetone bath for
~30 minutes prior to use. Si substrates were cut into small
pieces of size approximately 2 × 2 cm2 using a diamond
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scribe and cleaned thoroughly before use. For the
magnetron sputtering deposition process, a pulsed power
source (Advanced Energy Pinnacle Plus) was operated at
a frequency of 350 kHz with variable input power supply.

RESULTS AND DISCUSSION
Electrochemical Deposition of MgB2
Electrochemical deposition has previously been
investigated as a technique for deposition of MgB2 on 2D
substrates [6]. However, no previous attempt has been
made to use this technique for depositing onto three
dimensional substrates.
MgB2 powder (0.4 g) was dispersed in 50 ml acetone
and allowed to form a homogeneous suspension by
sonicating in a glass beaker for ~30 minutes, as shown in
Fig. 1. Subsequently, a Cu foil of size 8 × 12 cm2 (0.1
mm thickness) was rolled to form a cylindrical tube and
dipped in the beaker containing MgB2/acetone electrolyte
system. The Cu film was connected to the negative
terminal of a DC power source and served as the cathode.
A graphite electrode (5 mm thickness) served as the
anode and was dipped in the electrolyte concentric to the
Cu film (Fig. 1). The distance between the two electrodes
was variable between 2 cm to 5 cm.

+ve
400 V DC
-ve

Ceramic lid

MgB2/acetone electrolyte
Rolled Copper film

Graphite electrode

Figure 1: Set up for room temperature electrochemical
deposition of MgB2.
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ULTRA-HIGH GRADIENT SHORT RF PULSE GUN*
Sergey Kuzikov*, Pavel Avrakhov, Ao Liu, Sergey Antipov,
Euclid Techlabs LLC, Bolingbrook, IL, USA
Gwanghui Ha, John Power, Argonne National Laboratory, Lemont, IL, USA
Abstract
High brightness beams enable novel applications like xray free electron lasers and ultrafast electron microscopes.
High brightness beams essentially consist of a large number of electrons in a small phase space volume, i.e. a high
peak current. When such beams are generated from the
cathode, there is a strong space charge force, which elongates the bunch and reduces its brightness. An optimal solution is to raise the accelerating voltage in the gun. However, the maximum gradient is limited by the effects of RF
breakdown. The probability of RF breakdown is reduced
as the RF pulse length decreases. We present a development of an electron photoinjector operating with short RF
pulse, 10 ns scale. We have designed an X-band gun including the RF design, beam quality optimization, and engineering. The gun will be fed by 10 ns, 300 MW RF pulse
generated at the Argonne Wakefield Accelerator Facility
for two-beam acceleration experiments. We also manufactured an aluminum prototype and measured its microwave
properties, most importantly, fill time. The proposed high
brightness beam source can be used as the main beam in
wakefield accelerators. It will find commercial applications in ultrafast electron diffraction and microscopy systems.

to establish an ultra-high gradient on the cathode surface in
the short-pulse electron gun. Another possibility is using of
relativistic amplifiers like relativistic klystron or so-called
superradiant RF sources [2-4].

RF DESIGN
Short pulse operation is achieved by reducing the loaded
Q-factor of the accelerating cavity. For f =11.7 GHz, τ =
10 ns, the quality factor will have to be Q ≤ π × f × τ ≈ 370.
The choice of frequency, in our case is determined by the
availability of 11.7 GHz Argonne Wakefield Accelerator
power extractor as a source of high peak power, short RF
pulse [5]. The 1.5 cell RF gun design includes a coaxial
coupler to keep axial field symmetry, is shown in Fig. 1.
The field structure of the operating S-mode is represented
in the Fig. 2. In order to avoid overlapping at low-Q
0-mode and S-mode, we decided to introduce four symmetrically placed azimuthal coupling holes in the iris. This allowed to obtain spacing between the gun modes at
250 MHz (Fig. 3).

INTRODUCTION
High brightness electron sources are essential for future
colliders. In a quest for high brightness, researchers turn to
high gradient electron guns. When the beam is generated at
the cathode, it has to be accelerated to higher energy before
the space-charge effects elongate the bunch. The higher the
gradient, the less time the space charge has to spoil the
beam. Simply put, high gradient is imperative for high
brightness. Unfortunately, operation at high gradient is limited by the onset of RF breakdown. One of possible solution of this problem is use a cryogenic resonator which is
able to operate at higher RF fields in comparison with room
temperature system [1]. However, the probability of breakdown decreases with reduction of the RF pulse length. To
mitigate the breakdown problem and enable large charges
to be generated in a high gradient field at the cathode, Euclid Techlabs proposes to demonstrate an ultra-high gradient electron gun fed by a nanosecond RF pulse. In recent
experiment at Argonne Wakefield Accelerator facility a
high peak power, short RF pulse (300 MW, 10 ns at
11.7 GHz) was demonstrated. This pulse is used to accelerate another electron beam (staging for two-beam wakefield acceleration). We propose to use this same RF pulse
___________________________________________

Work supported by DoE SBIR grant
*s. antipov@euclidtechlabs.com, s.kuzikov@euclidtechlabs.com

MC7: Accelerator Technology
T06 Room Temperature RF

Figure 1: 11.7 GHz RF gun engineering design.

Figure 2: E-field at the operating frequency.
Simulations of gun cavity power fill process is shown in
Fig. 4. With short pulse filling the cavity, the maximum
field is achieved at the end of RF pulse.
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CW ROOM TEMPERATURE ACCELERATING STRUCTURES
S. Antipov, P. Avrakhov, E. Gomez, S. Kuzikov†, Euclid Techlabs LLC, Bolingbrook, IL, USA
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Nizhny Novgorod, Russia

Abstract
To this day CW linear electron accelerators were based
only on expensive and bulky (embedded in a cryostat) superconducting accelerating structures. CW regime can in
principle be realized with normal conducting structures
provided the shunt impedance is high. Such structures can
be designed using dielectrics (ultra-pure ceramics in Cband and diamond in mm-waves) with ultra-low loss tangent (~10-6). The use of dielectrics allows to concentrate
the electromagnetic energy density in the dielectric region
and thus minimize fields and ohmic loss on metallic walls.
The thermal loss in dielectric can be relatively low given
the loss tangent is small. We report here the design of structures with shunt impedance on the order of ~104 M/m,
which is several orders of magnitude higher than shut impedance in copper structures in GHz and THz range. High
shunt impedance makes it possible to accelerate electrons
to 1 MeV using kW-level CW RF sources like magnetrons
in C-band and gyrotrons in THz range. Such CW accelerators will find applications in sterilization, food irradiation,
industrial radiography and cargo inspection.

INTRODUCTION

Compact 1 MeV range CW linear accelerators with low
voltage kW-scale RF source are usually considered as superconducting accelerating cavities with involved and expensive cryogenic setup [1, 2]. This paper presents the concept of dielectric loaded accelerating (DLA) structure,
which provides a comparable accelerating gradient at the
room temperature and kW-scale RF power supply. Extremely high quality factor and high shunt impedance can
be realized in the DLA due to ultralow-loss (tanδ= 10-5 10-6) dielectrics. Among these dielectrics are diamond,
which has unique low losses and high thermal conductance
at millimeter waves [3], and TiO2-doped Al2O3 ceramics
those tangent delta is unprecedentedly small in C-band [4].

A MILLIMETER WAVE
300 GHZ CW DIAMOND STRUCTURE

In a photonic band gap like structure, synchronism is
controlled by the internal dielectric layer [5]. Periodic layers of dielectric are mainly responsible for low RF power
leakage. Scheme of the proposed structure is shown in Fig.
1. The dielectric structures of this type can be produced by
a femtosecond laser ablation system. To compose the structure, one should take dielectric disks, ablate Bragg ring
grooves and the channel for electrons in each disk, and then
stack disks together. This technology makes the structure
periodic, although this periodicity is not used for Cerenkov
synchronism.
____________________________________________

Figure 1: Scheme of the 300 GHz accelerating structure.
Table 1: The Parameters of the High Shunt Impedance
DLA Structure
Parameter
Value
Dielectric material
Diamond
εr
5.7
tan(δloss)
1×10−5
Beam channel
0.3 mm
Number of Bragg layers
9
Accelerator type
Travelling wave
Group velocity
0.19c
Operation frequency
300 GHz
Q0
7×104
Rsh
3500 M/m
List of parameters for the CW structure is presented in
Table 1. In the Fig. 2 one can see the field of accelerating
eigenmode in such structure with the periodicity equal to a
quarter of the wavelength. To obtain 1 MeV acceleration
we consider the 10 cm long structure with accelerating
field 10 MV/m. According to the Table 1 such structure requires a power source (gyrotron) having CW power 3 kW.
The structure has high shunt impedance, being higher than
shunt impedances of the metallic structures at the same frequency, because significant ohmic losses in metal are
avoided and volume loss in a dielectric is tolerable due to
low loss tangent of diamond. We estimate that the temperature rise in a core of the structure does not exceed 40 so
that the thermal flux 30 W/cm2 must be taken off with water cooling (Fig. 3). A CW package of the proposed structure is shown in Fig. 4 which includes water cooling channels.

† s.kuzikov@euclidtechlabs.com
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OPTIMIZING ROOM TEMPERATURE RF STRUCTURES FOR
ACCELERATOR DRIVEN SYSTEM OPERATIONS*
D. L. Brown, C. C. Peters, M. T. Crofford, Spallation Neutron Source, Oak Ridge, TN U.S.A.
Abstract
Minimizing beam trip rates is one of the key operational
goals at the Spallation Neutron Source (SNS). Trip rates
are closely monitored, and real-time statistics are kept during beam operations for immediate analysis. Beam trips
are automatically binned by the length of the trip along
with the cause for each trip. The shortest beam trips occur
with the highest frequency and those trip rates are dominated by the room temperature RF structures. There can be
many causes for the RF structure malfunctions, but one
area that has had a major impact on trip rates is improvement upon how RF processing is done on structures after
extended maintenance periods.

INCREMENTAL IMPROVEMENTS
At the SNS, downtime durations of less than 1 hour occur with the highest frequency and this category is dominated by room temperature RF cavity reliability. Downtimes longer than 1 hour are less frequent, are usually a
consequence of design flaws or equipment fatigue, and,
therefore, not something typically mitigated by operational
adjustments. As a result, reliability of our Radio-Frequency
Quadrupole (RFQ), Medium Energy Beam Transport
(MEBT), Alvarez Drift Tube Linac (DTL) cavities, and our
Coupled Cavity Linac (CCL) cavities have been the focus
of Operations. Upon inspection of the underlying issues
which culminated in the overall downtime, it was determined that some necessary areas to address were the conditioning procedure requirements and process, vacuum
system design, and window preparation process.

Vacuum Improvements
The original design of the vacuum system for our room
temperature RF cavities incorporated sputter ion pumps,
non-evaporable getter (NEG) Pumps, and cryogenic vacuum pumps. Early project decisions to employ capture
pumping had a negative impact on reliability for several
reasons. Capture pumps have some distinct disadvantages
when applied to Accelerator Driven Systems; there exists a
finite capacity for maximum pumping efficiency which is
___________________________________________
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heavily dependent on excess gas in the system. In particular, ion pumps and their common companions, NEG
pumps, are intended to be used in ultra-high vacuum applications. Once NEG pumps are “full”, they have to undergo
a regenerative processing on a regular basis so the vacuum
at the window doesn’t degrade sufficiently to prevent RF
operation [1]. The DTL specifically had issues with large
air bursts between RF on and off conditions from component to component thermal expansion differences. Permeation through the o-ring vacuum seals, introduced another
gas load to the vacuum pumping. Over time, these large air
bursts resulted in a reduction in ion pump efficiency, the
culmination of which has the effect of outgassing Argon
into the evacuated space.
In order to double the pumping speed and to eliminate
at-capacity and outgassing vacuum pumps, the decision
was made to implement turbo-pumps backed by a roughing
header in the MEBT, DTL, and CCL RF structures vacuum
scheme in 2015. After the modifications were complete,
the baseline vacuum signature was lowered by a factor of
two, eliminating the vacuum system as a cause for excursions, and the resultant overall downtime was reduced by
~1.5%. Our troubleshooting was enhanced by instituting a
voting scheme allowing the control system to identify malfunctioning equipment which can be scheduled for repair
during a planned downtime.

In Situ Conditioning Procedure Improvements
Since the Spring of 2008 when we first attempted to formalize our RF conditioning activity, the requirements and
processes therein have been in a constant state of revision
and improvement.
The polyphasic conditioning recipe consists of slow and
methodical progression in all steps which begins with delivering low RF power in short RF pulses at a low repetition rate. Once the RF cavity is stable at these levels, RF
power is increased to its procedurally defined non-beam
loaded level. Then the RF pulse width is extended to its
nominal levels, followed by a resting period of about an
hour allowing the cavity to reach thermal equilibrium. RF
is then turned off, the pulse width is shortened, and the repetition rate is increased. The aforementioned process of increasing RF power and pulse width is repeated until
achieving nominal RF power (with no beam loading) at full
duty factor. This was not always the complete recipe.
An early approach to conditioning was to ensure that the
windows/couplers on the structures were capable of sustaining RF power even under beam loaded conditions. The
technique employed to achieve that goal was to push the
RF field approximately 10-15 % higher than the nominal
field to simulate the power level that would be seen by the
window under beam loading. During that time, the only
WEPRB075
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ANALYSIS OF HIGHER ORDER MULTIPOLES OF
THE 952.6 MHz RF-DIPOLE CRABBING CAVIY FOR
THE JEFFERSON LAB ELECTRON-ION COLLIDER*
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Abstract

The crabbing system is a key feature in the Jefferson Lab
Electron-Ion Collider (JLEIC) required to increase the
luminosity of the colliding bunches. A local crabbing
system will be installed with superconducting rf-dipole
crabbing cavities operating at 952.6 MHz. The field nonuniformity across the beam aperture in the crabbing
cavities produces higher order multipole components,
similar to that which are present in magnets. Knowledge of
higher order mode multipole field effects is important for
accurate beam dynamics study for the crabbing system. In
this paper, we quantify the multipole components and
analyse their effects on the beam dynamics.

INTRODUCTION

The proposed JLEIC consists of the two figure-8 rings;
one for electrons and the other for protons [1]. The
electrons are accelerated using the existing CEBAF
machine and the ions are accelerated in the linac booster
ring as shown in Fig. 1. The luminosity goal of the JLEIC
is in the range of 1033 to 1034 cm-2sec-1 per interaction point.

the total crabbing kick required at different energies
depend on corresponding beam energy and beam
parameters with maximum electron and proton beam
energies of 12 GeV and 200 GeV, respectively. The total
crabbing kick is determined by Eq. (1) with beam
parameters given in Table 1 [3].
§M
·
cEb tan ¨ crab ¸
© 2 ¹
(1)
Vt

2S f rf E x* E xc

where Eb is the beam energy, φcrab is the crossing angle, E x*
is the betatron function at IP, Ec* is the betatron function at
the location of the crabbing cavity. Table 1 lists the total
crabbing kick for the two highest energies for both electron
and proton beams. The increase in E x* for 200 GeV proton
beam energy allows to maintain the total crabbing kick
voltage with only a 24% increase.
Table 1: JLEIC Crab Crossing Design Parameters
Parameter

Electron

Proton

Units

Eb
frf
φcrab

10

12
100
952.6
50

200

GeV
MHz
mrad

E x*

9.1

6.6

8

2.1

cm

E

200
3.0

200
4.2

650
17.4

650
21.5

m
MV

*
c

Vt

JLEIC CRABBING CAVITY DESIGN
Figure 1: JLEIC electron and ion collider rings.

The high luminosity operation of the JLEIC requires the
electron and proton bunches to collide head-on, hence
increasing the number of interactions between the colliding
bunches [2]. A local crabbing system will be developed
with rf-dipole crabbing cavities operating at 952.6 MHz.
Two crabbing sections will be installed before and after
each interaction point (IP) on both electron and proton
rings, in order to crab and to cancel the crabbing effect on
the beam.
JLEIC is designed to operate at several center of mass
(CM) energies with different beam currents [1]. Therefore,
___________________________________________
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The crabbing cavity design for JLEIC requires a cavity
operating at 952.6 MHz with a beam aperture of 70 mm.
The high operating frequency and large beam aperture
make it challenging in designing a cavity with low peak
surface field ratios and high shunt impedance, which are
the key properties for any superconducting rf cavity.
Several crabbing cavity geometries have been studied
including squashed elliptical cavity, rf-dipole cavity with
single cell, 2 cells, and 3 cells [4]. The 2-cell rf-dipole
shown in Fig.2 has been selected as the JLEIC crabbing
cavity design. The electromagnetic field on the 2-cell rfdipole cavity is shown in Fig. 3. The design details and rf
properties are presented in Table 2. The maximum peak
magnetic field for the crabbing cavities is decided to be 70
mT in order to operate at moderate surface fields.
Therefore, the maximum transvers voltage achievable by
the 2-cell rf-dipole cavity is limited to be 1.9 MV. Table 3
lists the number of cavities required per side per beam for
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Abstract
The RF-Dipole Crabbing Cavity designed for the LHC
High Luminosity Upgrade includes two higher order mode
(HOM) couplers. One of the HOM couplers is an rf filter,
which is a high pass filter designed to couple to the
horizontal dipole modes and accelerating modes up to 2
GHz, while rejecting the fundamental operating mode at
400 MHz. The coupler consists of a high pass filter circuit
where the rejection of the operating mode and transmission
of HOMs are sensitive to dimensional deviations. An rf test
box has been designed to measure the transmission of the
rf filter in order to qualify the fabricated HOM coupler and
to tune the coupler. This paper presents the measurements
of the HOM coupler with the rf test box.

components was first designed under the US LHC
Accelerator Research Program (US–LARP). Fabrication of
the first two LARP prototypes were carried out by
Niowave Inc. and the final welding, cavity processing and
rf testing were completed at Jefferson Lab [5]. Currently,
an improved design is being designed and developed to
meet the latest requirements for LHC under Accelerator
Upgrade Project (AUP) at Fermilab with collaborations
from ODU, SLAC and BNL.

HOM Couplers of LARP RFD Cavity
Probe

T

INTRODUCTION
The high luminosity upgrade of LHC will be installing
local crabbing systems at the two interaction points (IP) of
IP1 and IP5, in order to increase the luminosity of the
colliding bunches [1]. These crabbing systems will be the
first crab cavities in a circular collider with proton beams.
The transverse kick given by the crabbing cavities tilts each
bunch, which allows head-on collision at the IP, increasing
the number of interactions between the colliding bunches
[2]. Two crabbing systems operating at 400.79 MHz will
be installed in the LHC with Double Quarter Wave (DQW)
cavities [3] for vertical crabbing at IP1 and RF-Dipole
(RFD) cavities [4] for horizontal crabbing at IP5. The
required total crabbing voltage per beam per side is 10 MV.

Figure 1: 400 MHz LARP prototype rf-dipole cavity.
The rf-dipole crabbing cavity operates in TE11-like mode
where the primary contribution to the transverse kick is
given by the transverse electric field. A compact squareshaped cavity is designed as shown in Fig. 1 to fit in
between the parallel beam pipes in the LHC ring. A fully
integrated crabbing cavity including all the ancillary
___________________________________________
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Hook

Figure 2: HHOM and VHOM couplers of the rf-dipole
crabbing cavity.
The rf-dipole crabbing cavity is designed with two HOM
couplers to damp HOMs up to 2 GHz as shown in Fig. 2
[6]. The HHOM coupler is a demountable rf filter designed
to cut off the fundamental mode and damp horizontal
dipole modes and some of the accelerating modes present
in the cavity. The VHOM coupler damps the vertical dipole
modes as well as the accelerating modes that doesn’t
couple through the HHOM coupler. Also, the VHOM
coupler is designed as a coaxial style coupler since it
doesn’t couple to the fundamental mode. The HOM
couplers are placed on the end plates of the cavity in the
low field region, therefore has low rf losses. The rf filter
consists of a Hook, T and a Probe (Fig. 2), where the T and
Hook are made out of Nb and the Probe is designed as a
removable rf feed through made with Cu. The notch at 400
MHz is very sensitive to the gap between the Hook and T.
A shift in the notch increases the rf power leakage of the
fundamental mode through the HHOM coupler.

RF TEST BOX DESIGN
The complex HOM couplers require a mechanism in
fully characterizing the fabricated HOM couplers before
installing them in the cavities. Measurements obtained
from CMM machine aren’t sufficient to provide detailed
measurements of the couplers due to the limited access of
its parts. In addition, cryogenic measurements of the cavity
with HOM couplers in a vertical test assembly can’t fully
WEPRB077
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Abstract

10 or 5 kW
SSA
WR650

The Cornell-BNL ERL Test Accelerator (CBETA) is a
new multi-turn energy recovery linac currently being commissioned at Cornell University. It uses a superconducting
main linac to accelerate electrons by 36 MeV and recover
their energy. The energy recovery process is sensitive to
fluctuations in the accelerating field of all cavities. In this
paper, we outline our semi-automated RF commissioning
procedure, which starts from automatic coarse tuning of
the cavity all the way to adjusting the field control loops.
We show some results of using these tools and describe the
recent performance of the RF system during our ongoing
commissioning phase.

INTRODUCTION
The Cornell-BNL ERL Test Accelerator (CBETA) [1]
project currently being commissioned at Cornell University will be the first high-current multi-turn ERL employing
Superconducting Radio Frequency (SRF) Linacs operating
in CW. The SRF cavities are housed in two cryomodules,
one for the injection system and the other is used to execute
energy recovery. The injector cryomodule [2] consists of
five 2-cell SRF cavities and is configured to provide a total
energy gain of 6 MeV to the electron beam for injection
into the CBETA return loop. It has been commissioned in
multiple stages starting from 2009 and has reached a peak
operating current of 70 mA in 2013 [3]. The main linac
on the other hand will be used to execute energy recovery
and incorporates six 7-cell SRF cavities [4] with a total
design energy gain of 36 MeV. In this paper, we describe
our progress in commissioning the Main Linac Cryomodule
(MLC) for the energy recovery operation in CBETA along
with our automated startup procedures.
In the next section, we describe our high level RF setup
with results from initial testing of the Solid State Amplifiers
and the circulators which provide RF power to the cavities. Then we describe the operating configuration of our
cryogenic system which we have optimized for stable operations. After this, we describe our semi-automated RF
commissioning procedure in detail and finally, we report
our measurements during beam operations over the current
commissioning phase.
∗
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10 or 5 kW
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Directional
Coupler
7-cell SRF Cavity
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3
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3-Stub WG
Tuner

10 or 5 kW
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Figure 1: RF power arrangement for one main linac cavity.
We inserted a waveguide short between the fundamental
power coupler of the 7-cell SRF cavity and the 3-stub waveguide tuner during tests of the solid state amplifiers.

LINAC SUBSYSTEMS
The Main Linac Cryomodule (MLC) houses six 7-cell
SRF cavities optimized for high-current operations with negligible beam loading. All six cavities are operated with a low
bandwidth of ≈ 20 Hz and are powered by individual Solid
State Amplifiers (SSA) from SigmaPhi connected through a
circulator from AFT, directional coupler and a 3-stub waveguide tuner as shown in Fig. 1. There are two sets of high
power RF components which are capable of 5 kW and 10 kW
for stiffened [5] and un-stiffened cavities respectively. We
first tested all these components to full power into a shorted
waveguide before connecting them to the cavities. The initial
tests revealed problems with both the RF amplifiers and the
circulators.
Each SSA requires a power circulator for protection from
a full reflection which is close to the typical operating condition. During initial tests we measured both the forward
power from the amplifier and the power reflected back into
the SSA from the circulator to verify isolation in the RF path.
While operating at a few kW of RF power, we observed a
sudden jump in the reflected power from ≈ 10 W to & 200 W
on all SSAs, which indicated a problem with the circulators.
Eventually, we found that a plastic piece used to isolate an
aluminum tuning screw from the water-cooled ferrite load
had disintegrated during the initial tests, resulting in electrical breakdown and severe pitting in several areas of the load,
along with loss of isolation characteristics of the circulator.
After consulting with AFT, we discovered that the plastic
piece installed on the end of the tuning screws had a much
higher loss tangent than intended. These were eventually
replaced and the load surfaces were cleaned after removing
some broken pieces of ferrite. We then tested each circulator
at low power with a network analyzer optimizing the isolation. A damaged internal RF cable also led to the failure of
a single RF power module on a 5 kW SSA. Figure 2 shows
the final measurements after necessary repairs indicating
satisfactory performance of all high power RF components.

WEPRB078
3003

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPRB080
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Abstract
A multi-objective genetic algorithm-based optimization
process has been applied to optimize the RF design of a
500 MHz main cavity and a 1.5 GHz Higher Harmonic
Cavity (HHC) for the Advanced Light Source upgrade
(ALS-U) in Lawrence Berkeley National Laboratory
(LBNL). For the main cavity, a significant improvement,
compared with the existing ALS cavity, has been achieved
in cavity shunt impedance and power loss density simultaneously. The field strengths and distribution of the optimized structure are analysed for further research. For the
HHC, a cavity with low R/Q has been preliminary designed
to mitigate the beam instability. This study also serves as
an example of how a genetic algorithm can be used for optimizing RF cavities.

INTRODUCTION
The ALS-U conceptual design promises to deliver diffraction limited performance in the soft x-ray range by lowering the horizontal emittance to about 70pmrad resulting
in two orders of brightness increase for soft x-rays compared to the current ALS [1]. A multiyear upgrade includes
new and replacement x-ray beamlines, a replacement of
many of the original insertion devices and many upgrades
to the accelerator.
The multi-objective genetic algorithm NSGA-II is
adopted to search for the optimal structure of the cavity design. For the 500 MHz main cavity, the optimization process is accomplished by varying the 8 geometry knobs.
Simultaneously optimizing the two competing objectives,
shunt impedance and power density, better-performed
structures are found. After boundary hitting check and data
analysis, optimization based on former good results are implemented and the structures are further studied. An optimum of 13.34% for shunt impedance and reduction of max
power density up to 39.2% are found in the results.
In terms of the physics requirement of the higher harmonic cavity of ALS-U, a preliminary required-low R/Q
design and optimization has been carried out to mitigate
the beam instability. This method is also previously applied in APEX-II gun cavity optimization [2].

ALGORITHM DESCRIPTION
As for RF cavity design and optimization, starting from
a known structure and calculating the corresponding characteristics are the general steps. In comparison, algorithm___________________________________________
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based optimization inversely begins from the desired characteristics and generates the controllable cavities parameters which meet with the requirements.
During the past decades, many different algorithms
based on MOGA [3] emerge to improve both computational speed and complexity. The general steps include the
assignment of initial population, implementation of crossover and mutation, a suitable standard for selection and the
repetition of above procedures. Among them, Non-dominated Sorting Genetic Algorithm-II (NSGA-II) [4] perform
great excellence in computational complexity, using an explicit diversity preserving mechanism and emphasizing on
non-dominated solutions. Due to the nature of NSGA-II,
running parallel with 100% efficiency on any number of
processors is achievable to greatly improve the calculation
speed.

OPTIMIZATION OF THE MAIN CAVITY
For the main RF cavity, the goal of optimization is to
increase the shunt impedance ܴௌ while keeping max power
dissipation density ܲ under a certain range. After revising
the top part of the cavity from circle to ellipse, as is shown
in Fig. 1, the 8 geometry variables in clockwise direction
are: the horizontal radius of ellipseݎଵ , the vertical radius
of ellipseݎଵ , side wall length݈ଵ , inner corner angleߠଵ , inner corner radiusݎଶ , nose cone height݄ , nose cone radiusݎଷ , beam pipe radius݈ଷ . As for other indirect variables,
nose cone radius ߠଶ ൌ ߠଵ െ90° and nose cone side wall
length ݈ଶ ൌ ݄Ȁߠ݊݅ݏଶ  are relevant with the direct variables. The length of RF cavity (for synchronism considerations between RF phase and beam) and the mesh thickness
for calculation are carefully chosen and fixed.
In comparison with the measured results of 5 MΩ [5], a
slight difference is shown due to the engineering and mechanical reasons. The simulation result of ALS original
cavity is taken as the calibration standard in optimization.
The Poisson/SUPERFISH [6] is used to calculate the geometry and characteristics of the RF cavity. As the definitions goes:
ª L E z dz º
« ³0 z
»¼
(1)
Z ¬
PL
Where P is the total power loss, L is the length of the
structure, Ez is the amplitude of the electric field intensity
on-axis.Combined with the definition in the original papers
of ALS [5], we calculate the effective shunt impedance as
ܴௌ ൌ ܼ ή ܶ ଶ ή ܮ, in which ܶ is the transit-time factor. ܴௌ is
obtained by multiply R/Q and Q in SUPERFISH output and
ܲ can be extracted directly from the output results. Because of the symmetry of the cavity structure, quarter cavity geometry is adopted for simulation to lift the calculation
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1
Lawrence Berkeley National Laboratory, 94720, Berkeley, CA, USA
2
Department of Engineering Physics, Tsinghua University, 100084, Beijing, China
Abstract
The ALS upgrade (ALS-U) to a diffraction-limited light
source [1] depends on the ability to lengthen the stored
bunches to limit the emittance growth and increase the
beam life time. Higher harmonic cavities (HHCs), also
known as Landau cavities, have been proposed to increase
beam lifetime and Landau damping by lengthening the
bunch. We present an optimized 1.5 GHz normal conducting HHC design for the ALS-U with a superconductinglike geometry using multi-objective genetic algorithm
(MOGA) for lower R/Q. The optimization goal is to reach
the required shunt impedance while maintaining a relatively high Q value of the cavities. To minimize the coupled bunch instabilities, higher-order mode (HOM) of the
HHC as well as corresponding impedance are explored and
characterized.

INTRODUCTION
The Advanced Light Source Upgrade (ALS-U) will upgrade the current ALS storage ring to a multi-bend achromat lattice as a diffraction-limited light source. In low to
medium energy storage ring light sources, the beam lifetime is usually dominated by Touschek scattering. As the
definition goes:

∝

(1)

Options for lifetime increase each own different advantages and disadvantages. Increasing the transverse
beam area leads to the reduction of brightness to limit
where coupling reduces the momentum acceptance. Since
the RF voltage in already relatively large, increasing the
momentum acceptance is not practical. Decreasing the
bunch current requires of running with smaller gap. A particularly attractive method to improve the beam lifetime is
to reduce Touschek scattering by using a HHC to lengthen
the bunch [2]. A passive third harmonic cavity is used for
bunch-lengthening and instability-suppressing at ALS. The
lengthening of the bunch will also help reduce higher order
mode heating of all vacuum chamber components, improving stability in general. In this paper, we present a preliminary design of an optimized 1.5 GHz normal conducting
HHC.
In passive operation, the harmonic voltage is generated
from the beam itself without additional power input. Pas-

sive operation of the harmonic cavities has obvious advantages because of the reduction of operation costs. However, the controlling of the bunch length is generally less
flexible and makes the effect of the cavities on the beam
depend on the beam filling structure. The presence of a
long gap in the beam filling is known to induce beam-loading transient effects that may compromise our ability to
control the beam as intended. Transient beam loading effect generated by the non-uniform filling pattern causes a
variation of harmonic phase and reduces the lengthening
effect as well as bunch lengthening effect crucially.
The important HHC physics parameters are the shunt impedance Rs and the fundamental-mode resonance frequency ωr. The fundamental mode quality factor Q is also
important in passive harmonic cavities because it determines the detuning value. For ALS-U, two options are being considered for the upgrade, indicating either re-use of
the current 3rd order cavities already operating in the ALS
or the installation of newly designed cavities. In this study
we restrict our analysis to the latter, designing and optimizing a new HHC for ALS-U.
The ALS currently operates with three 3rd-harmonic
cavities, each with Rs = 1.7 MΩ. To lower the RF voltage
applied to the main RF cavity, the optimum shunt impedance need to be lowered to 1.35 MΩ [3]. Furthermore, in
consideration of the power loss, using only a single HHC
to reach the optimum shunt impedance is not desirable.

CAVITY DESIGN
The original design of ALS HHC is based on a conventional re-entrant cavity shape. The use of nose cones as
well as the cavity shape are carefully optimized for higher
shunt impedance. Figure 1 presents the 3D model of cavity
body with dampers. The parameters of the cavity are listed
𝑉 ⁄2𝑃) [4].
in Table 1 (where the definition of RS is 𝑅
To reach a much favourable performance, the required
value for R/Q is around 30 Ω.

___________________________________________
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Figure 1: 3D model of the 3rd harmonic cavity of ALS.
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MECHANICAL DESIGN AND ANALYSIS OF THE PROPOSED APEX2 VHF
CW ELECTRON GUN*
A. R. Lambert†, H. Feng, D. Filippetto, M. Johnson, D. Li, T. Luo, C. Mitchell, F. Sannibale,
J. Staples, S. Virostek, R. Wells
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract

Normal conducting radio-frequency (RF) guns
resonating in the very high frequency (VHF) range (30300 MHz) and operating in continuous wave (CW) mode
have successfully achieved the targeted brightness and
reliability necessary for upgrading the performance of
current lower repetition rate accelerator-based instruments
such as X-ray free electron lasers (FELs), and ultra-fast
electron diffraction (UED) and microscopy (UEM). The
APEX2 (Advanced Photo-injector Experiment 2) electron
gun is a proposed upgrade for the current LCLS-II
injector, which was based on the original APEX design.
In contrast, APEX2 is designed as a two-cell cavity
operating at 162.5 MHz with a launching field at the
cathode equal to 34 MV/m, producing a beam energy of
1.5 to 2 MeV, more than double APEX. Operation of the
gun in this condition will require upwards of 200 kW of
RF power, thus proper thermal management is crucial to
achieve target performance. This paper describes the
current design, thermal performance and tuning methods.

CAVITY DESIGN

The APEX2 [1] cavity design can be seen in Figure 1.
The cavity is comprised of three main assemblies, the gun
cell, the center wall and the 2nd cell.

The outer diameter of the cavity is 83.6 cm, the length
from end to end is 31.1 cm. The gun cell and 2nd cell
contain the majority of the cavity features, such as
vacuum pumping, RF power input, sensing loop ports,
and cooling channels. Both endwalls of the gun and 2nd
cells have cooling channels buried within them. These
channels are designed to be milled into the endwall, after
which a copper cover or plug is electron-beam (E-beam)
welded to form a leak tight seal; fluid inlet and outlet
connection are fed into the channels using ports on the
covers. A similar method is used on the cooling channels
on the outer diameter of each cell. Additionally, there are
cooling channels located in each of the nose cones, as
these experience high heat flux during CW operation.
Both a double helix spiral configuration and a shallow
rectangular passage configuration have been studied, with
the latter showing more promise due to geometrical
constraints. It is intended that cavity endwalls are joined
via E-beam weld to both the nose cones and outer walls,
with the only brazes being those for the gun and 2nd cell
nose cones.
E-beam welding is considered as the primary joining
method as the annealed zone is small; the bulk of the
copper retains its mechanical strength. For the endwalls
this is particularly important as they are used for
mechanical tuning of the cavity. It is intended that the

Figure 1: APEX2 cavity design.
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HIGH-GRADIENT SRF CAVITY R&D AT CORNELL UNIVERSITY*
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Abstract
Achieving high accelerating field is a critical R&D topic
for superconducting RF cavities for future accelerators including the International Linear collider (ILC). The ILC requires an average accelerating field of 35MV/m with a Q0
of at least 8.9×109 at 2K. In this paper, we report the latest
results from high-gradient research at Cornell, which focusses on 75°C vacuum baking to improve maximum
(quench) fields. We demonstrate that such low temperature
bakes can significantly improve quench fields in certain
cases. We further report on high-pulsed power results of
these cavities before and after baking.

STE1-1 was baked in a 40mTorr N2 atmosphere at 160°C
for 48 hours before the cavity was vertically performance
tested. After the test, the cavity was HF rinsed to regrow
the oxide layer on the surface and then it was loaded into a
furnace for a 6 hours 75°C vacuum bake.
The set-up for the 75°C baking on the wave-guide insert
is shown in Fig. 1. The reason for baking on the insert is to
minimize chances of contamination from cavity disassembly. During the baking, a heat gun blows hot air to keep
cavity at the temperature of 75 ± 3°C.

INTRODUCTION
High-gradient SRF cavities R&D is critical for future superconducting accelerators. The proposed International
Linear Collider (ILC) for future High-Energy Physics research ought to generate a beam energy of up to 250 GeV
[1]. Hence the SRF cavities, the key component of this accelerator, are required to provide an operating accelerating
gradient of 35MV/m with the quality factor above 8.9×109
at 2K.
The 75°C baking effect [2] had been firstly discovered
after a furnace malfunction during a standard 120°C baking; the cavity after the non-standard bake reached nearly
50MV/m. Hence, it is warranted to carry out dedicated
low-temperature baking studies aiming at benefiting SRF
cavity performance for future accelerator projects.

CAVITY PREPERATION
We used two 1.3 GHz ILC-type single-cell SRF cavities
(LTE1-14 and LTE1-15) and a 2.6 GHz ILC-shape SRF
cavity (STE1-1) for this work. As the baseline treatment of
the 1.3GHz cavities, the cavities were treated by the ILC
baseline recipe [3], i.e. 100 µm surface removal by electro
polishing (EP), and 900°C baking for 3 hours, and then
120°C baking for 48 hours. After the baseline treatment,
both cavities have been vertically tested on the Cornell
waveguide insert allowing regular CW and high-power
pulse measurement in same cryogenic cycle. After that, the
cavity LET1-14 was baked at 800°C for 3 hours then baked
at 120°C under ~40mTorr N2 for 48 hours. LET1-14 has
been tested after the infusion. Finally, the cavity was 75°C
baked for 6 hours on the insert and tested again.
LTE1-15 received a 1st 75°C baking for 6 hours on the
insert after the baseline test; then the cavity was tested
again. After that we HF rinsing of the cavity was preformed, followed by another test. Lastly, a 2nd 75°C baking was carried out for the cavity on the insert and followed
by a final vertical test.

Figure 1: Set-up of 75ºC baking on the waveguide insert.

TEST RESULTS AND ANALYSIS
The Q0 versus Eacc results from cavity LTE1-14 are summarized in Fig. 2. The baseline test showed that the cavity
quenched around 23MV/m with an average 2K Q0 of
~1.4×1010. After the 120°C infusion, the quench field was
increased to 26 MV/m with average Q0 ~ 2×1010 in CW
measurement. The cavity achieved 40MV/m in high-power
pulse (HPP) tests in which 300kW, 250 µs high-power
pulses were applied to the cavity, as is shown in Fig. 3. The
75°C baking decreased the cavity Q0 to 1.2×1010, but the
maximum CW field was improved to 30 MV/m. In the
three tests, there no medium-field Q-slope was observed.
The maximum gradients in CW and HPP operation are
summarized in Table 1.

___________________________________________
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Figure 2: LTE1-14 Q0 vs. Eacc curves at 2K.
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THEORETICAL ANALYSIS OF QUASIPARTICLE OVERHEATING,
POSITIVE Q-SLOPE, AND VORTEX LOSSES IN SRF CAVITIES∗
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THEORIES OF POSITIVE Q-SLOPE

Abstract

The surface resistance of an SRF cavity is an important
measure of its performance and utility: lower resistance
leads directly to lower cryogenic losses and power consumption. This surface resistance comprises two components,
namely the “BCS resistance”, which depends strongly on the
quasiparticle temperature, and a temperature-independent
“residual resistance”, which is often dominated by losses due
to trapped magnetic vortices. Both components are generally dependent on the RF field strength. Here we present a
summary of recent theoretical advances in understanding the
microscopic mechanisms of the surface resistance, in particular addressing niobium hydride formation and quasiparticle
overheating (using the tools of density functional theory)
and discussing issues with existing models of the positive
Q-slope, a field-dependent decrease in the BCS resistance,
and possible paths for improvement of these models. We
also discuss trapped flux losses using ideas from collective
weak pinning theory.

INTRODUCTION

In SRF (superconducting radio-frequency) accelerators,
the chief intrinsic loss mechanism is the surface resistance Rs
of the superconducting cavities. In general Rs can be considered as the sum of a temperature-dependent “BCS resistance”
and a temperature-independent “residual resistance”:
Rs = RBCS (T) + R0 .

(1)

These surface resistances are generally dependent on the RF
field strength; much of modern SRF research is dedicated to
understanding and reducing the loss mechanisms quantified
by Rs .
In the CBB (Center for Bright Beams), an NSF Science
and Technology Center, we have been studying and developing theoretical models of the BCS and residual components
of the surface resistance. This work can be grouped into
three areas: studies and assessment of existing models of
the positive Q-slope observed in nitrogen-doped and highfrequency cavities; studies using DFT (Density Functional
Theory) to explore the effects of microscopic impurities
and impurity structures; and modeling of vortex-oscillation
losses.
∗
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Nitrogen-doped niobium SRF cavities have been demonstrated to have intrinsic quality factor Q0 that is greater than
that of clean niobium at low fields and that increases as
the RF field strength increases, contrasting the traditionally
observed “Q-slope” where Q0 decreases with increasing
BRF [1, 2]. The magnitude of this “anti-Q-slope” or “positive Q-slope” has been demonstrated empirically to depend
on the doping level, quantified by the electron mean free
path, as well as the cavity frequency [3, 4]. A few models
have been proposed to explain this remarkable phenomenon;
here we discuss some of these models and possible issues
therein.
In general, a model of the temperature-dependent superconducting surface resistance (the “BCS resistance”) can be
calculated from the net transition rate between energy levels
ϵ and ϵ + ~ω, where ω = 2π times the RF frequency. The
resistance is proportional to a convolution integral of the
density of states weighted by the difference of the distribution f (ϵ) of quasiparticles (broken Cooper pairs) at these
energy levels, as in the Mattis-Bardeen theory [5, 6]:
∫ ∞
RBCS ∝
N(ϵ)N(ϵ + ~ω) [ f (ϵ) − f (ϵ + ~ω)] dϵ . (2)
∆

The above relation suggests that field-dependent reduction
in RBCS can be achieved by smearing the density of states
N near the singularity at ϵ = ∆ or by populating levels of
high ϵ, thereby reducing f (ϵ) − f (ϵ + ~ω).
A 2012 theory developed by Goldie and Withington assumes the standard BCS form of the quasiparticle density of
states and then uses kinetic methods to calculate a stationary
non-thermal distribution function due to photon emission or
absorption, increasing f (ϵ) at high energy levels [7]. The
proposed population of high-energy quasiparticles is consistent with the reduction in the microwave surface resistance
observed by de Visser et al. [8]. However, the reduction in
this experiment occurs at temperatures and field strengths
much lower than those typically encountered in SRF cavities
and in particular those where the positive Q-slope has been
observed in nitrogen-doped niobium cavities. It remains unclear whether this model is valid for the material parameters
and environments pertinent to SRF applications.
A 2014 theory developed by Gurevich uses the Keldish
technique of non-equilibrium Green’s functions to rederive
the nonlinear quasiparticle conductivity, which is used to
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THE DESIGN OF PARALLEL-FEED
SC RF ACCELERATOR STRUCTURE*
Mamdouh H. Nasr†, Paul B. Welander, Zenghai Li, and Sami Tantawi
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
Development of SRF accelerator technology that enables both higher gradient and higher efficiency is crucial
for future machines. While much of the recent R&D focus
has been on materials and surface science, our aim is to
optimize the cavity geometry to maximize performance
with current materials. The recent demonstration of a
highly efficient parallel-feed normal-conducting RF structure at SLAC has served as a proof-of-concept. Instead of
coupled elliptical cells, the structure employs isolated reentrant cells. To feed RF power to the cavities, each cell is
directly coupled to an integrated manifold. The structure is
made in two parts, split along the beam axis, which are then
joined. Applied to SRF, simulations suggest such a structure could nearly double the achievable gradient, while reducing cryogenic RF loss by more than half. We are experimentally verifying the concept using an X-band SC RF
design to be tested at SLAC.

INTRODUCTION
For high-β electron-positron accelerators, [1] where β =
v/c ≈ 1, the best-known and most widely used SRF structure is the TESLA cavity [2]. The 1.3 GHz TESLA cavity
and variations of it are the basis for the International Linear
Collider (ILC), the European X-ray Free Electron Laser
(XFEL), and the 2nd generation Linac Coherent Light
Source (LCLS-II). The TESLA cavity is about 1.3 m long
and consists of nine coupled elliptical cells. Power is fed to
the cavity from one end by a coaxial input coupler, with the
coupling strength between cells optimized in order to obtain the necessary dispersion and a uniform field distribution.
Recently, researchers at SLAC have considered completely novel topologies for accelerator structures, with
methodologies that are different from the conventional
wisdom [3-4]. Genetic optimization algorithms that focus
on efficiency or high gradient performance produce cavity
shapes that are generally incompatible with either travelling-wave or standing-wave structures with a pre-defined
coupling between cavities [5]. Instead of employing coupled-cells, the new SLAC topology feeds each cell in the
accelerator structure independently. Such a structure has
been demonstrated with normal-conducting bulk copper,
but we seek to demonstrate this parallel-feed technology
for use in SRF applications.
________________________________________
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Table 1: Comparison between the SCPF and TESLA Cavities, Assuming both are Fabricated from Bulk Nb. At 2 K,
Rs is set to 27 nΩ (BCS)
Parameter
SC-PF
TESLA
f (GHz)
1.3
1.3
Mode (phase advance)
2π/3
π
a (cm) (aperture radius)
0.66
3.5
Q0
8.0e9
1.0e10
Rsh (Ω/m)
2.4e13
9.8e12
Epk/Eacc
2.05
1.98
Bpk/Eacc (mT·m/MV)
2.41
4.17
Rsh/Q0 (Ω/m)
3050
983
G (Ω)
217
271
G·Rsh/Q0 (Ω2)
5.08e4
3.07e4
Ploss/Eacc2 (mW·m/MV2)
41.1
102
U/Eacc2 (mJ·m/MV2)
40.2
124

SRF-CELL OPTIMIZATION
We started our research efforts focusing on cell design
and understanding the potential of an SRF parallel-feed accelerator. The cell shape was parameterized using a series
of elliptical and straight segments as described in [6], and
optimized for either maximum shunt impedance, Rsh, or
maximum accelerating gradient, Eacc, relative to the peak
surface magnetic field, Hpk. In all cases, the electric field
ratio, Epk/Eacc, was limited to a maximum value of about
2.0 (similar to the TESLA cavity).
We also investigated phase advances other than π – because RF power is fed directly to each cell, their relative
phase is controlled by the manifold design. A phase advance of 2π/3 yielded the optimum cell topology, with both
high Rsh and high Eacc. Table 1 lists several key parameters
for this cell design and draws a direct comparison with the
state-of-the-art TESLA cavity. Assuming both are fabricated from bulk niobium and operated at a temperature of
2 K, our optimized cell shape achieves both 60% less RF
power dissipation and 70% greater accelerating gradient.

PROTOTYPE DESIGN
After completing the initial design study, we considered
various options for constructing the prototype: S-band or
X-band, 2π/3-mode or π-mode. Given the limited physical
space in our cryostat and the simplicity of the RF manifold,
we chose the latter option in both cases: an X-band π-mode
structure. The prototype will consist of two cells fed by a
single RF feed port.
Table 2 lists several key parameters for this cell design,
while Fig. 1 shows both the (a) E- and (b) H-field temperature maps and (c) a plot of the surface field amplitudes
along the cell wall.
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DESIGN OF A PROOF-OF-PRINCIPLE CRABBING CAVITY FOR THE
JEFFERSON LAB ELECTRON-ION COLLIDER*
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Center for Accelerator Science, Old Dominion University, Norfolk, USA
1
also at Thomas Jefferson National Accelerator Facility, Newport News, USA
Abstract
The Jefferson Lab design for an electron-ion collider
(JLEIC) requires crabbing of the electron and ion beams
in order to achieve the design luminosity. The Center for
Accelerator Science at Old Dominion University has
designed, fabricated and successfully tested a crab cavity
in 2012 under very early machine design [1-3]. The JLEIC machine design and parameters have matured over a
couple of years. The crab cavity design has also evolved
to provide the best crabbing option. A number of options
for the crabbing cavities have been explored [4, 5], and
the one which has been selected for the proof-of-principle
is a 952.6 MHz, two-cell rf-dipole (RFD) cavity. This
paper summarizes the electromagnetic design of the cavity and its HOM characteristics.

JLEIC LAYOUT AND PARAMETERS
Jefferson Lab proposes to build an electron-ion collider
(EIC) facility called Jefferson Lab Electron-Ion Collider
(JLEIC), having a peak luminosity over 1034 cm-2 s-1, and
a collider center of mass energy range ~20 to ~100 GeV
upgradeable to ~140 GeV. The JLEIC ion ring is based on
an innovative figure-8 synchrotron design as shown in
Fig. 1. JLEIC maximally leverages the existing CEBAF
capability for production of polarized electron beams.
Figure 1 also shows a local crabbing scheme which is a
crucial part of JLEIC design to achieve the high luminosity [6].
Required crabbing transverse voltage is determined by
the following equation [7].
𝑉

∗

(1)

threshold, higher multipole components, higher order
mode management, and an aspect of fabrication were
taken into consideration in designing the crabbing cavity
geometry. After comparison, a 952.6 MHz two-cell RFD
crabbing cavity was chosen with anticipation of upgrade.
Figure 3 shows the geometry of the final cavity design
and Table 2 summarizes its rf properties at its highest
energy of each beam.
Table 1: Beam Parameters [6]
Parameter
Frequency, 𝑓
Crossing angle, 𝜑
Beam energy, 𝐸
Beam current
Betatron function at IP, 𝛽∗
Betatron function at crab
cavity, 𝛽
Total crabbing voltage per
side per beam

Unit
MHz
mrad
GeV
A
cm

Electron Proton
952.6
50
12
200
0.39
0.75
6.6
2.1

m

200

650

MV

4.2

21.5

Figure 1: JLEIC machine layout.

The beam parameters of highest energy case are listed
in Table 1.

CRAB CAVITY DESIGN
Design Optimization
Several rf geometries of crabbing cavities with different
shapes and operating frequencies have been evaluated as
shown in Fig. 2 [5]. Dimensional constraints and design
requirements related to peak surface fields, impedance
___________________________________________
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Figure 2: Crabbing cavity geometries considered for JLEIC. (A) 476.3 MHz Single Cell RFD Cavity, (B) 952.6
MHz Single Cell RFD Cavity, (C) 952.6 MHz 2-Cell
RFD Cavity, (D) 952.6 MHz 3-Cell RFD Cavity, and (E)
952.6 MHz Squashed Elliptical Cavity.
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MEASUREMENTS OF THE ELECTRICAL AXES OF THE CEC POP
RF CAVITIES
I. Petrushina1 , V. N. Litvinenko1 , Y. Jing1 , J. Ma, I. Pinayev, K. Shih1 , G. Wang1
Brookhaven National Laboratory, Upton, Long Island, New York, USA
1 also at Stony Brook University, Stony Brook, Long Island, New York, USA
Abstract

CEC POP SRF ACCELERATOR
In the CeC PoP accelerator, electron bunches are generated from a CsK2 Sb photocathode by the 532 nm green
laser and then accelerated by the 113 MHz SRF gun up to
1.25 MV. Primary focusing of the beam is provided by the
solenoid located at the minimal acceptable distance from
the cathode. Two 500 MHz normal-conducting cavities and
the low energy beam transport (LEBT) section are utilized
to achieve a desirable ballistic compression of the beam
before it is accelerated to the full energy in the 704 MHz
SRF linac.The LEBT section shown in Fig. 3 consists of 5
solenoids and several pairs of dipole trims which provide a
successful beam transportation. The beam line is equipped
with an integrating current transformer (ICT) for the beam
current measurements, two beam proﬁle monitors (yttrium
aluminium garnet (YAG) screens), three beam position monitors (BPMs), and a set of vertical and horizontal slits for
the beam emittance measurements.

113 MHZ SRF PHOTOINJECTOR
The 113 MHz SRF photoinjector (see Fig. 1) is based on
Quarter Wave Resonator (QWR) and operates at 1.25 MV
of accelerating voltage. The gun is generating high charge
electron bunches (up to 10 nC per bunch) and low transverse
emittances with the cathodes operating for months without
signiﬁcant loss of quantum eﬃciency. The detailed description of our gun and its successful performance can be found
in [3].
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Figure 1: Simpliﬁed geometry of the CeC PoP SRF photoinjector.
Throughout the operation of the CeC PoP we encountered
a few very speciﬁc features about the gun performance which
we would like to discuss in detail. Speciﬁcally, we will
address two procedures which have been used in order to
determine the electrical axis of the gun and location of the
cathode puck relative to the “nose” of the cavity.
Cathode Recess

25

0 mm
4 mm
8 mm
12 mm
16 mm

20
Ez (MV/m)

It is common knowledge that every mode in an SRF cavity
has a so-called electrical axis, and only in an ideal cavity
would this axis align exactly with the geometrical axis of the
device. The misalignment of the electrical axis creates an
additional undesirable transverse kick to the beam, which
has to be corrected to achieve the designed beam parameters. In this paper we present the two methods which have
been used in order to determine the electrical axes in the RF
cavities of the Coherent electron Cooling (CeC) Proof of
Principle (PoP) accelerator [1, 2]. The electron accelerator
for the CeC PoP consists of the three main RF components:
the 113 MHz SRF gun, the two normal-conducting 500 MHz
bunching cavities, and the 704 MHz SRF 5-cell elliptical
cavity. We discuss, in detail, the speciﬁcs of the measurement for each cavity and provide the corresponding results.
In addition, we describe the inﬂuence of the ﬁeld asymmetry
in the 500 MHz bunchers on the beam dynamics, which was
observed experimentally and conﬁrmed by simulations.

15
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10
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15
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Figure 2: Electric ﬁeld distribution along the gun axis for
various values of the cathode recess.

Cathode Location
As one can see from Fig. 2, longitudinal ﬁeld proﬁle
along the beam path and the peak ﬁeld at the cathode surface
strongly depend on the position of the cathode stalk relative
to the nose of the cavity. Since the cathode is located in
the area of the highest concentration of the electric ﬁeld in
the gun, any local changes in the geometry caused by the
cathode recess will introduce a dramatic change in the ﬁeld
distribution, and hence, the initial focusing of the beam.
In order to determine the exact location of the cathode, we
performed a series of measurements to calculate the magni-
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MICROBUNCHING PLASMA-CASCADE INSTABILITY*
V.N. Litvinenko1,2†, G. Wang2,1, Y. Jing2,1, D. Kayran2,1, J. Ma2, I. Petrushina1, I. Pinayev2, K. Shih1,
1

T. Miller2, T. Hayes2, G. Narayan2 and Freddy Severino2

Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY
Collider-Accelerator Department, Brookhaven National Laboratory, Upton, NY

2

Abstract
In this paper we describe a new micro-bunching instability occurring in charged particle beams propagating along
a straight trajectory: based on the dynamics we named it a
Plasma-Cascade Instability. Such instability can strongly
intensify longitudinal micro-bunching originating from the
beam’s shot noise, and even saturate it. Conversely, such
instability can drive novel high-power sources of broadband radiation or can be used as a broadband amplifier. In
this paper we present our analytical and numerical studies
of this new phenomenon as well as the results of its experimental demonstration.

It

is

known that small density perturbations
in a cold, infinite and homogeneous charged

beam will undergo oscillations with plasma frequency,

 p  c 4 no rc [22], where no is the particles density (in
beam’s co-moving frame), c is the speed of light and

rc  e2 / mc 2 is particle’s classical radius.

PLASMA-CASCADE INSTABILITY
High brightness intense charged particle beams play critical role in the exploration of modern science frontiers [1].
Such beams are central for high luminosity hadron colliders as well as for X-ray femtosecond free-electron-lasers
(FEL). In the future, such beams could be central for cooling hadron beams in high-luminosity colliders, X-ray FEL
oscillators, and plasma-wake-field accelerators with TV/m
accelerating gradients. Dynamics of high intensity beams
is driven by both external factors—such as focusing and
accelerating fields—and self-induced (collective) effects:
space charge, wakefields from the surrounding environment and radiation of the beam. While external factors are
designed to preserve beam quality, the collective effects
can produce an instability severely degrading beam emittance(s), momentum spread and creating filamentation of
the beam. On the other hand, such instabilities can be deliberately built-in to attain specific results such as the FEL
instability, Coherent electron Cooling (CeC) or generation
of broad-band high power radiation.
The Plasma-Cascade micro-bunching Instability (PCI)
occurs in a beam propagating along a straight line. It is
driven by variation of the transverse beam size(s) [1]. Conventional micro-bunching instability for beams travelling
along a curved trajectory is a well-known and in-depth
studied both theoretically and experimentally [2-20].
Space-charge-driven parametric transverse instabilities are
also well known (see review [21] and references therein).
But none of them include the PCI—a micro-bunching longitudinal instability driven by modulations of the transverse beam size. Figure 1 depicts a periodic focusing structure where the charged particle beam undergoes periodic
variations of its transverse size.
___________________________________________
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Figure 1: A sketch of four focusing cells with periodic
modulations of beam envelope, a(s), and the plasma frequency, ωp. Beam envelope has waists, ao, in the middle of
each cell where plasma frequency peaks. Scales are attuned
for illustration purpose. The bottom sketch illustrates an
unstable ray trajectory in a system of periodic focusing
lenses—an analogue of unstable longitudinal oscillations.
The waists of the beam serve as “short focusing elements”
for the longitudinal plasma oscillations.
Beam propagating with velocity

v o through the lattice

(with period 2l) would experience density modulation in
the co-moving frame with period of T  2l /  o v o :
f   no  t  

where



Io

 o  1  o 2



1/2

is

Io

1
.
e o o c  a 2  o  o ct 

(1)

the

and

beam

current

,  o  v o / c is the beam’s relativistic factor.

It is well known [23] that modulation of oscillator frequency with a period close twice of oscillation period
would result in exponential growth of oscillation amplitude: the phenomena known as parametric resonance. The
extreme case of δ-function-like modulation is well known:
periodic focusing lenses with focal length shorter than a
quarter of the separating distances will make rays unstable
and the entire half-space F < l/2 is occupied by this parametric resonance.

ANALYTICAL STUDIES
In mathematical terms, we need to separate transverse
and longitudinal degrees of freedom:
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UNDERSTANDING AND MITIGATION OF FIELD EMISSION
IN CEBAF SRF LINACS*
R.L. Geng#, A. Freyberger##, R.A. Rimmer, JLAB, Newport News, VA 23606, U.S.A.
Abstract
We present our current understanding of field emission
(FE) in two 1.1 GeV continuous wave (CW)
superconducting radio frequency (SRF) linacs at CEBAF
and its mitigation for improved CEBAF energy reach and
operation reliability. We focus on the root causes of FE in
operational SRF cavities, including recently installed
cavities for CEBAF 12 GeV energy upgrade. We evaluate
the effect of initial mitigations implemented since 2016,
aimed at reducing generation and transportation of new
field emitting particulates. Effects of cavity thermal
cycling aimed at abating activation of settled field
emitting particulates will be evaluated as well. Remaining
issues toward predictable control of field emission in
operational SRF cavities will be discussed.

loss since 2014, when recently installed cavities for
CEBAF 12 GeV energy upgrade began to operate for
physics, with that established prior to 2014. We will also
evaluate the effect of initial mitigations implemented
since 2016, aimed at reducing generation and
transportation of new field emitting particulates. Effects
of cavity thermal cycling aimed at abating activation of
settled field emitting particulates will be evaluated as
well. Remaining issues toward predictable control of
particulate input and effective removal of settled
particulates in operational SRF cavities will be discussed.

INTRODUCTION
The root-cause studies of FE in CEBAF SRF cavities
initiated in 2014 have produced several outcomes. One of
them provided unprecedented physical evidence of
detecting particulates on the inner surface of an
operational SRF cavity with their source being external to
that cavity [1,2]. For example, tale-telling Ti/Ta
particulates collected from cavities cannot be attributed to
sources credibly other than the special differential ion
pumps installed in the warm section upstream of a
CEBAF-style cryomodule. Other types of common
particulates, such as stainless steel, copper, and air-borne
“clay” are also observed. Fig. 1 gives examples found on
the cavity surface of C50-12 before refurbishment.
An insight has since emerged, namely particulate input
into an operational SRF cavity. This insight drives the
formation of a three-step model that governs FE growth
over time, the root case for “gradient degradation” in
operational CEBAF SRF linacs as established over
decades since the early 1990’s:
Particulate generation and inventory from vacuum
surfaces including warm beamline components.
Particulate transportation and input into cavities.
Particulate transformation into field emitter in case it
lands and settles on high electric field areas.
This model is currently being further improved by
gathering more event-driven accelerator operation data as
well as offline studies. In this contribution, we will
present our current understanding of FE in our operational
CEBAF. We will compare the average CEBAF energy
____________________________________________
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Figure 1: Examples of particulates of Ti/Ta, stainlesssteel, air-borne dust aka “clay”, and copper (clock-wise
starting at upper left), found on the cavity surface of C5012 before refurbishment.

CURRENT UNDERSTANDING
Particulate Generation
Detection of Ti/Ta particulates on cavity surfaces as
shown in Ref. [1] established beamline ion pumps as one
generating source for field emitter particulates.
Two types of ion pumps are used in CEBAF linac UHV
beamlines. The first type is a Gamma Vacuum Differential
(DI) pump with 50% Ti and 50% Ta electrode elements.
One each of this type is attached to the upstream end of a
cavity string during the cryomodule assembly process.
The second type is a conventional (CV) pump with 100%
Ti electrode elements. One each of this second type is
installed in the warm girder section between two adjacent
cryomodules. In the final tunnel layout, there is one DI
pump (aka B pump) upstream of a cryomodule and one
CV pump (aka A pump) downstream of the same
cryomodule. A good vacuum typically in the range of 10-9
Torr is maintained by the B pump in a completed
cryomodule at room temperature.
At the point of cool-down, the cavity-string vacuum is
generally improved due to cryo-pumping by cold vacuum
WEPRB097
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CRYOGENIC RF PERFORMANCE OF DOUBLE-QUARTER WAVE
CAVITIES EQUIPPED WITH HOM FILTERS∗
S. Verdú-Andrés† , I. Ben-Zvi1 , Q. Wu, B. P. Xiao, BNL, NY 11973, Upton, USA
R. Calaga, O. Capatina, CERN, Geneva 23, CH 1211, Switzerland
N. Huque, A. McEwen, H. Park, T. Powers, JLAB, Newport News, VA 23606, USA
G. Burt2 , J. A. Mitchell, Lancaster University, UK
Z. Li, A. Ratti, SLAC, Menlo Park, CA 94025, USA
1 also at Stony Brook University, NY 11794, Stony Brook, USA
2 also at STFC, Daresbury, UK
Abstract
Crab cavities are one of the several components included
in the luminosity upgrade of the Large Hadron Collider (HLLHC). The cavities have to provide a nominal deflecting
kick of 3.4 MV per cavity while the cryogenic load per
cavity stays below 5 W. Cryogenic RF tests confirmed the
required performances in bare cavities, with several cavities
exceeding the required voltage by more than 50%. However,
the first tests of a Double-Quarter Wave (DQW) cavity with
one out of three Higher-Order Mode (HOM) filters did not
reach the required voltage. The present paper describes the
studies and tests conducted to understand the limiting factor
in the operation of a DQW cavity with HOM filters. The
recipe to meet the performance specification and exceed the
voltage requirement by more than 35% is discussed.

equate fundamental power coupling and HOM damping
during operation in LHC and to reduce heat load of its different components [5]. It includes 3 identical HOM filters
to provide sufficient damping of the LHC beam induced
HOM power [6]. The new cavity-port interface leads to a
11% lower maximum peak surface magnetic field, with the
highest field located in the cavity body, not in the filter (see
Fig. 1). This new cavity design, named SPS-series DQW,
also satisfies the spatial constraints imposed by the second
beam pipe of LHC to provide crabbing kick in both vertical
and horizontal configurations. Table 1 lists the RF properties
of the SPS-series DQW cavity.

INTRODUCTION
Crab cavities are one of the several components included
in the luminosity upgrade of the Large Hadron Collider (HLLHC) [1]. The baseline HL-LHC program considers the installation of two different types of compact crab cavities, the
Double-Quarter Wave (DQW) [2] and the Radio-Frequency
Dipole (RFD) [3]. The DQW cavities will provide a vertical
deflecting kick for crab crossing in the interaction region of
ATLAS (with vertical crossing) and the RFD cavities will
provide the horizontal deflecting kick for crabbing in the
interaction region of CMS (with horizontal crossing) [1].
Early cryogenic RF tests of a Proof-of-Principle (PoP)
DQW cavity demonstrated the possibility of operating the
cavity beyond the nominal deflecting kick (3.4 MV), reaching 4.7 MV before quench. The PoP DQW cavity was
equipped with small, 20 mm-diameter ports to facilitate the
cleaning of the cavity’s interior and host the test probes [4],
but these ports were too small to host the Fundamental Power
Coupler (FPC) and the HOM filters required for operation
with the LHC beam.
In the following years, the DQW cavity design was revisited to incorporate larger, 62 mm-diameter ports for ad∗
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Figure 1: Magnetic field distribution of the fundamental
mode using 5-color heatmap scale for: [left] cavity and
[right] section view of HOM filter.

Table 1: RF Properties of SPS-Series DQW Cavity
Fundamental, crab mode frequency
First HOM frequency
Nominal deflecting voltage (Vnom
)
t
Max. peak electric field at Vnom
t
Max. peak magnetic field at Vnom
t
Geometric shunt impedance (Rt /Q)
Geometric factor (G)

400
570
3.4
37.7
72.8
429
87

MHz
MHz
MV
MV/m
mT
Ohm
Ohm

Four identical SPS-series DQW cavities were fabricated:
two prototypes built under the umbrella of the US LHC Accelerator Research Program (LARP) by Niowave Inc. and
JLab [5] and two other built and fully dressed into a cryomod-
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STATUS UPDATE OF A HARMONIC KICKER DEVELOPMENT FOR
JLEIC
Gunn Tae Park, Jiquan Guo, Shaoheng Wang, James Henry, Mattew Marchlik,
Robert Rimmer, Frank Marhauser, and Haipeng Wang
Thomas Jefferson National Laboratory, Newport News, VA, USA
Abstract
An effort to develop the second prototype of the harmonic
kicker for the Circulator Cooler Ring (CCR) of the Jefferson Lab Electron-Ion Collider (JLEIC) is under way. After
beam dynamics studies and completion of a conceptual RF
design of the kicker [1], further progress has been made toward the final mechanical design including the input power
coupler (loop) design, tuner ports, multipacting studies. Furthermore, concerning the kicker’s compatibility with beam
dynamics, the impact of RF multipole components was investigated and a scheme was developed to cancel out detrimental
beam effects.

INTRODUCTION
A harmonic kicker in the CCR of JLEIC is a crucial transporting element that injects/extracts electron bunch into/out
of the ring within ultrafast time scale. Combined with beam
dynamics study, the RF design of the second, high vacuum,
high power prototype based on a quarter wave resonator
(QWR) with base frequency of 86.6 MHz, was presented
in [1] considering the latest beam parameters of the CCR [2]
(For the first prototype development, see [3], [4]). Subsequently, nominal beam parameters have been updated to
accommodate the higher envisioned proton beam energy (up
to 200 GeV) and more realistic Courant-Snyder parameters
and emittance for the CCR (See Table 1).
Table 1: The Beam Parameters of the CCR
Parameters

Unit

Value

Beam energy Ee
MeV
110
Kick angle θ
mrad
2.5
Turns N
11
Kick frequency fk
MHz
86.6
Bunch frequency fb MHz
476.3
Bunch charge Q b
nC
1.6
Bunch length lb
cm
2
Energy spread δE
3 × 10−4
n
Emittance ε
mm· mrad 36
α
0
β
m
120
Here the values of the Courant-Snyder parameters α, β are
at the kickers.
In this paper, we report on the progress toward the fabrication of the high-power cavity taking into account these
changes. The structure is now equipped with a power coupler, (realistic) tuners, and cooling channels. A single loop
of the power coupler was designed to excite all the 5 har-
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monic modes with nearly critical coupling. A more detailed
specification of the tuner plungers to prevent significant RF
heat loss by introducing RF finger shortening the tuner port
gaps was determined. The cooling scheme at full (∼ 6.5 kW)
RF power has been devised to keep wall temperature well
below the limit set by the obtainable tuning range of the
plungers. An assembly of the harmonic kicker with an input power coupler and a tuning station is shown in Fig. 1.
A numerical multipacting study showed
that its bandwidth
is well below that
of operational kick
voltage, suggesting that
any multipacting can
be overcome by various
known techniques. An
impedance
analysis
is almost complete
suggesting that no
HOM damper will be
needed. The additional
HOM power deposited
Figure 1: The assembly of in the structure is
the JLEIC ultra-fast harmonic manageable within the
thermal capability with
kicker.
the total power loss
estimated to be below
7 kW. Beam dynamics relevant studies of the RF multipole
effects of the kicker cavity shows that with the previous
kicker configuration the multipole fields would result in
an unstable circulation. However, a cancellation scheme
without the need to modify the lattice structure of the CCR
was devised and is reported here.

CAVITY DESIGN
Coupler Loop
A single power input coupler loop was designed to feed
5 harmonic modes into the kicker cavity with near critical
coupling. The design was completed with extensive use of
CST-MWS code [5] utilizing geometrical parameter scanning capability. The coupling is mostly inductive with the
loop located near the top plate where the magnetic field is
dominant. The loop is anchored on a rotatable flange so that
coupling adjustment is possible before final installation. The
detailed geometry of the loop is shown in Fig. 2a. In the
simulation, we evaluated the coupling by using an artificial,
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CORRECTION OF CROSSTALK EFFECT IN THE LEReC BOOSTER
CAVITY*
Binping Xiao†, K. Mernick, F. Severino, K. Smith, T. Xin, Wencan Xu
Brookhaven National Laboratory, Upton, New York 11973-5000, USA
Abstract
The Linac of Low Energy RHIC electron Cooler
(LEReC) is designed to deliver a 1.6 MeV to 2.6 MeV
electron beam, with peak-to-peak dp/p less than 7e-4. The
booster cavity is the major accelerating component in
LEReC, which is a 0.4 cell cavity operating at 2 K, with a
maximum energy gain of 2.2 MeV. It is modified from
the Energy Recovery Linac (ERL) photocathode gun,
with fundamental power coupler (FPC), pickup coupler
(PU) and higher order mode (HOM) coupler close to each
other. The direct coupling between FPC and PU induced
crosstalk effect in this cavity. This effect is simulated and
measured, and it is further corrected using low level RF
(LLRF) to meet the energy spread requirement.

note the second PU is opposite to the one shown in the
Figure. With FPC and PU on the same side of the cavity,
the direct coupling between FPC and PU causes distortion
of the RF response, so called crosstalk effect. With this
effect, the voltage on the PU, which is regulated by
LLRF, is not strictly proportional to the cavity
accelerating voltage, and thus introduce an energy spread
that is with the same order of the budget.

FPC
PU
HOMPU

INTRODUCTION
The LEReC design has a tight energy spread
requirement [1, 2]. In the electron linac of LEReC, the
704 MHz superconducting radio frequency (SRF) booster
cavity is the major accelerating cavity that accelerates
400 keV bunches from the DC gun near the top of the RF
wave, with an accelerating voltage up to 2.2 MV [3]. In a
typical SRF cavity, the FPC and the PU are positioned on
different sides of the cavity. In the booster cavity,
however, since it is modified from an SRF photocathode
gun, one side is reserved for photocathode insertion, and
the FPC and PU are installed on the same side of the
cavity that is opposite to the photocathode. In this case
there is a direct coupling between them, that causes
distortion of the RF response. During the operation of this
cavity, we noticed this phenomenon, named crosstalk
effect, that produces around 1 kV voltage fluctuation
while combining with fast and slow variation on the
cavity resonant frequency. This effect was introduced and
simulated without electron beam previously [4]. In this
paper, this effect with beam is further modelled,
measured, and corrected using LLRF to meet the energy
spread requirement.

FPC
Figure 1: LEReC booster cavity with cross-section view
(top-left).
In order to understand this effect, a circuit model
similar to [5] is used to model the crosstalk effect. In this
model, we analyse only one FPC (with admittance
B1=jωC1) and one PU (B2=jωC2). The crosstalk (direct
capacitive coupling between FPC and PU) is represented
by B12=jωC12. In this plot, GS(=1/ZS) and GL(=1/ZL) are
the admittance of source and load. Yc=(1+jQ2Δω/ω0)/R
the admittance of cavity, with R the shunt impedance of
the cavity. A term Ib is further added to model the cavity
with beam. Coupling coefficients of FPC and PU are β1=B12R/GS and β2=-B22R/GL, respectively. We have the
loaded quality factor, as well as the loaded shunt
impedance: QL=Q/(1+β1+β2) and RL=(R/Q)*QL. These
two numbers are temperature dependent.

BOOSTER CAVITY AND CIRCUIT
MODEL
As described in [4], the SRF booster cavity is modified
from the ERL photocathode gun. It has two FPCs, two
PUs, and one HOM coupler, with a PU (HOMPU) on the
HOM coupler to monitor the RF leakage of the
fundamental mode to the HOM damper. All couplers are
on the same side of the cavity, shown in Figure 1. Please
_________________________________________
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Figure 2: Circuit model of the cavity with crosstalk.
We define Y0=YC+B1+B2, Y1=GS+B1+B12 and
Y2=GL+B2+B12. Applying Kirchhoff law, one obtains the
following equations:
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DESIGN OF AN X-BAND CONSTANT IMPEDANCE LINAC
FOR COMPACT LIGHT PROJECT
J. Arnesano†, L. Ficcadenti1, Sapienza University, Piazzale Aldo Moro 5, Roma, Italy
M. Marongiu, A. Mostacci, M. Diomede, L.Palumbo INFN-LNF, Via E. Fermi 40, Frascati, Italy
1
also at INFN-LNF, Via E. Fermi 40, Frascati, Italy
Abstract
Within the framework of Horizon 2020 project, Compact Light, in order to provide a high performance, highgradient X-band technology, for the new generation of
hard X-ray FEL, a constant impedance travelling wave
(TW) Linac, working on 2pi/3 mode at 11.9952 GHz, has
been designed. Simulations were conducted using CST
Microwave Studio. Two iris shapes has been considered
in order to minimize the modified poynting vector and
then reduce the breakdown probability. A single fed
z-type coupler including a racetrack geometry has been
chosen in order to compensate the dipole and quadrupole
component. Finally an analysis of breakdown phenomena
has been performed, take into account both RF pulsed
heating and BDR scaling law.

Single Cell Design
The geometries of the single cell are shown in Fig. 1.
The tuning of elliptical cell is aimed to minimize the
quantity Scmax/Eacc2 [2] with the right chose of elliptical ratio r1/r2. The plot of this quantity in function of the
elliptical ratio is shown in Fig. 2. The minimum value has
been obtained for r1/r2=1.3. The main cells parameters
are specified in Table 2. Each simulation in CST has been
performed with 1 joule of energy density. In Fig. 3 module and phase of accelerating electric field is shown.

INTRODUCTION
In the Framework of compact Light Project, in order to
provide a new technology based on X-Band for the future
generation of hard X-rays high brightness FEL’s, a constant impedance travelling wave Linac has been designed.
Principal parameters design are illustrated in
Table 1.
Table 1: Compact Light Project Specifications
Design parameters
Accelerating gradient
[MV/m]
Frequency [GHz]
Working mode
Length [m]
Iris radius [mm]

Figure 1: Geometries of the single cell.

65
11.9952
2𝜋/3
0.6
4

In this paper we illustrated the EM simulations of the
Linac for two cases of single cell geometry. Then a brief
analysis of breakdown phenomena is described to better
understand the trade-off between complexity realization
of the cell and breakdown probability.

Figure 2: Modified poynting vector as a function of elliptical ratio.

EM STRUCTURE DESIGN
Starting from Compact Light Project requirements, the
first step has been chosen the single cell. Two types of
geometries have been considered, one is the simple circular iris cell, the second, according with [1], in order to
minimize the modified poynting vector and then reduce
the breakdown probability of the structure, and maximize
the shunt impedance, is the edge rounding elliptical cell.
Then couplers have been designed and simulations has
been performed using CST Microwave Studio
MC7: Accelerator Technology
T06 Room Temperature RF

Figure 3: Phase and module of the single cell (elliptical
cell case).
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SIMULATION OF THE TRANSITION RADIATION TRANSPORT
THROUGH AN OPTIC SYSTEM
M. Marongiu∗1 , A. Mostacci2 , L. Palumbo2 , Sapienza University, Rome, Italy
F. Bisesto, E. Chiadroni, G. Di Pirro, G. Franzini, A. Giribono, V.Shpakov,
A. Stella, A. Variola, LNF-INFN, Frascati, Italy
A. Cianchi, Università di Roma II Tor Vergata, Rome, Italy
1 also at LNF-INFN, Frascati, Italy
2 also at INFN, Rome, Italy
Abstract
Optical Transition Radiation (OTR) screens are widely
used for beam profile measurements. The radiation is emitted when a charged particle beam crosses the boundary between two media with different optical properties. The main
advantages of OTR are the instantaneous emission process
allowing fast single shot measurements (i.e. bunch by bunch
measurements in a multi bunch machine), and the good
linearity with the beam charge (if coherent effects can be
neglected).
Furthermore, OTR angular distribution strongly depends
on beam energy. Since OTR screens are typically placed in
several positions along the Linac to monitor beam envelope,
one may perform a distributed energy measurement along
the machine: this will be useful, for instance, during the
commissioning phase of a machine.
This paper deals with the studies of an algorithm to optimize the generation and the transport of the transition radiation through an optic system using the simulation tool
Zemax. The algorithm, in combination with a particle tracking code (i.e. Elegant), will allow to simulate the radiation
generated by a beam and, so, to take into account beam divergence and energy spread or chromatic effects in the optic
system.

INTRODUCTION
In this paper we discuss of an algorithm to optimize
the generation and the transport of the transition radiation
through an optic system using the simulation tool Zemax.
The algorithm, in combination with a particle tracking code
(i.e. GPT, Elegant), will allow to simulate the radiation generated by a beam and, so, to take into account beam divergence,
correlation and energy spread as well as chromatic effects in
the optic system. Indeed, starting from previous work [1, 2],
it was possible to improve this simulation tool and make it a
reliable source for beam diagnostics simulation.
In a typical monitor setup, the beam is imaged via OTR
screen using standard lens optics, and the recorded intensity profile is a measure of the particle beam spot [3]. In
conjunction with other accelerator components, it will also
be possible to perform various measurements on the beam,
namely: its energy and energy spread (with a dipole or corrector magnet), bunch length [4, 5], Twiss parameters [6]
∗
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(by means of quadrupole scan), Single Shot Emittance [7]
(with a microlens array) or in general 6D characterization on
bunch phase space [8]. Such technique is common in conventional [9] and unconventional [10–12] high brightness
Linacs.
Furthermore, OTR angular distribution strongly depends
on beam energy. Since OTR screens are typically placed in
several positions along a Linac to monitor beam envelope,
one may perform a distributed energy measurement along
the machine: this will be useful, for instance, during the
commissioning phase of a machine.

TRANSITION RADIATION
Optical Transition Radiation (OTR) screens are widely
used for beam profile measurements. The radiation is emitted when a charged particle beam crosses the boundary between two media with different optical properties. For beam
diagnostic purposes the visible part of the Transition Radiation is used; an observation geometry in backward direction
is chosen corresponding to the reflection of virtual photons
at the screen which acts as a mirror.
The main advantages of OTR are the instantaneous emission process allowing fast single shot measurements [13],
and the good linearity with the beam charge (if coherent
effects can be neglected). The disadvantages are that the process of radiation generation is invasive, and that the radiation
intensity is much lower in comparison to scintillation screens.
Another advantage of the OTR is the possibility to measure
the beam energy from its angular distribution [14, 15].
The angular distribution can be expressed by the well
known formula [14]:
dI 2
e2
= 3
dωdΩ 4π cǫ0 

1
γ2

+ sin2 θ

 2 R(ω),

(1)

where ω is the frequency, Ω is the solid angle, I is the intensity of the radiation, e is the electron charge, γ is the
relativistic Lorentz factor, c is the speed of light, ǫ0 is the
vacuum permittivity and R(ω) is the reflectivity of the screen;
the peak of intensity is at θ M = 1/γ with respect to the beam
direction.
Due to the beam divergence, the angular distribution of the
whole beam will be different from 0 at the center: assuming
a Gaussian distribution of the divergences, the OTR angular
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THE NEW 1-18 MHz WIDEBAND RF SYSTEM FOR THE CERN PS
BOOSTER
M. M. Paoluzzi, L. Arnaudon, V. Bretin, Y Cuvet, J. Daricou, S. Energico, M. Haase, A. J. Jones,
D. Landré, C. Rossi, CERN, Geneva, Switzerland
C. Ohmori, KEK/J-PARC, Tokai, Japan
Abstract
The LHC Injectors Upgrade (LIU) project at CERN prepares the injectors to meet the requirements of the High
Luminosity LHC. For protons, it includes the new Linac4,
PS Booster (PSB), PS and SPS. Among the major changes
concerning the PSB, the extraction energy increase from
1.4 GeV to 2 GeV and the higher beam intensity, made possible by the Linac4 together with the new charge exchange
injection system into the PSB (2E13 protons), strongly affect the RF system requirements. To deal with this more
demanding beam operation, a new RF system was designed. It is based on modern magnetic alloy loaded cavities driven by solid-state amplifiers. Its wideband frequency response (1 MHz to 18 MHz) covers all the required frequency schemes. This new RF system has been
produced in 2017 and 2018; installation is planned during
2019, the first year of Long Shutdown 2 (LS2) and commissioning is foreseen in 2020. Most of the production and
testing was outsourced to industry; parts acceptance, cavities assembly and pre-testing was done in-house. A quality
assurance plan was established to achieve the required high
reliability. This paper describes the procurement, production and testing strategies and methodologies. It also reports the achieved results, system performances and relevant statistics.

The cell is composed of a central part housing a vacuum
chamber with a ceramic gap at its centre and one Magnetic
Alloy (MA) core on either side. A solid-state power RF
amplifier (PA), placed on one cavity side, drives the cell
with power exceeding 3 kW. The PA includes a gap voltage
monitor and allows remote sensing of relevant parameters
such as DC currents and temperatures. Six such basic cells
make up a cavity and share a common housing, the vacuum
chamber with six ceramic gaps, the control and DC supply
cabling as well as cooling water distribution (see Fig. 1).
Three pairs of cavities placed in three PSB straight sections
provide up to 25 kVPK RF voltage. As the machine consists
of four superimposed rings, in each PSB straight section a
group of eight cavities (48 cells) share a common support
(see Fig. 2) that includes forced air and cooling-water distribution. Each cell has independent DC supply, control
electronics and gap shorting device.

SYSTEM DESCRIPTION
In the framework of the LHC Injectors Upgrade (LIU)
project at CERN, preparing the injectors to meet the requirements of the High Luminosity LHC (HL-LHC) [1], a
completely new RF system has been designed [2] for the
PSB machine. The new RF system relies on a basic acceleration cell capable of providing up to 700 VPK with an instantaneous bandwidth extending from few hundreds kHz
to above 20 MHz. This characteristic allows multi-harmonic operation and the simultaneous coverage of the
whole frequency range required in the PSB (1 MHz to
18 MHz).

Figure 1: 6-Cell Cavity.
MC4: Hadron Accelerators
A04 Circular Accelerators

Figure 2: Cavities grouping for one PSB Straight Section.
As the maximum achievable accelerating voltage includes a substantial reserve above the nominal requirements, operation is possible with a reduced number of cells
(-15 %). A PLC based interlock system controls the equipment of each straight section. It also interfaces with the
low-level RF (LLRF) electronics to make full use of the
operational cells and isolate the faulty ones if necessary.
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RECENT RESULTS FROM Nb3Sn COATED SINGLE-CELL CAVITIES
COMBINED WITH SAMPLE STUDIES AT JEFFERSON LAB*
1

U. Pudasaini1, G. V. Eremeev2, C. E. Reece2, G. Ciovati2, I. Parajuli3, and M. J. Kelley1, 2
Applied Science Department, The College of William and Mary, Williamsburg, VA 23185, USA
2
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
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Abstract

The critical temperature (~ 18 K) and superheating field
(~ 425 mT) of Nb3Sn are almost twice that of niobium,
thereby promising a higher quality factor and accelerating
gradient at any given temperature compared to traditional
SRF cavities made of niobium. It can enable higher
temperature for cavity operation (4 K vs. 2 K), resulting in
significant reduction in both capital and operating costs for
the cryoplant. Several single-cell cavities along with
witness samples were coated with Nb3Sn to explore,
understand, and improve the coating process towards
improving the cavity performance. RF measurements of
coated cavities combined with material characterization of
witness samples were employed to update the coating
process. Following some modifications to the existing
coating process, we were able to produce Nb3Sn cavity
with quality factor ≥ 2×1010 at an accelerating gradient up
to 15 MV/m at 4 K, without any significant Q-slope. In this
article, we will discuss recent results from several Nb 3Sn
coated single-cell cavities combined with material studies
of witness samples.

INTRODUCTION

Superconducting radio-frequency cavities (SRF) are the
leading technology for modern particle accelerators.
Niobium (Tc ~ 9.2 K, Hsh ~ 210 mT and ∆ ~1.45 meV) is
the material of choice so far to build them. After several
decades of research and development, niobium cavities
now operate near fundamental limit of the material [1].
Often they need to operate at ~ 2 K for optimal
performance. This demands complicated cryogenic
facilities, and it is the one cost driver for SRF accelerators.
The intermetallic compound Nb3Sn (Tc ~ 18.3 K, Hsh ~ 425
mT and ∆ ~3.1 meV) is a potential alternate material [2]
that would allow SRF cavities operation at 4.2 K for similar
performance of Nb at 2 K. Nb3Sn cavity could operate with
a simplified small cryogenic facility and potentially
enhance the performance. R&D efforts are underway in
several labs to produce high performance Nb3Sn cavities
aiming at applications for accelerators [3, 4, 5].
Vapor diffusion process, preferred technique so far to
fabricate promising Nb3Sn coated Nb cavities has been
adopted at JLab to coat coupon samples, single-cell
cavities, double-cell cavities, and recently multi-cell
___________________________________________
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cavities. Initially, coated cavities had quality factors (Q) as
high as ~1×1010 at 4 K, but suffered strong Q-slope,
limiting the attainable maximum gradient. The Q-slope,
very similar to the one seen in early cavities coated at
Wuppertal University was consistently seen in several
cavities [6]. Following the coating system upgrade in 2017,
an almost Q-slope free Nb3Sn cavity was produced for the
first time with Q < 1×1010 at 2 K [7]. Since then we have
prepared and tested several cavity coatings. Witness
samples were studied as well for continual modifications
in the coating process. In this contribution, we will present
RF results from two single cell cavities, which had been
used repeatedly in several coating experiments. Analysis
of witness samples coated with cavities is also discussed.

Nb3Sn COATING
RDT7 and RDT10 were single-cell cavities made from
high purity (RRR~300) fine grain Nb. Both cavities, with
low field Q ~ 1.6×1010 were limited to ~ 30 MV/m with
high field Q slope during the baseline test at 2 K. Each
cavity normally received BCP or EP for 15-25 μm removal
followed by HPR before the coating.
In the first set of experiments, each cavity was coated
individually according to a typical Nb3Sn coating process
at JLab [6]. 3 g of Sn (99.999% purity from Sigma Aldrich)
loaded in a crucible and 3 g of SnCl2 (99.99% purity from
Sigma Aldrich) packaged inside two pieces of Nb foils
were placed inside the cavity at the bottom flange. Both
sides of the cavity were closed with Nb covers before
installation into the furnace. A witness sample was also
hung inside the cavity by attaching it to the top cover using
a Nb wire. The heat profile included nucleation at ~ 500 °C
for an hour and three hours of deposition at ~ 1200 °C. The
temperature was monitored with sheathed type C
thermocouples attached to the cavity at different locations.
There was a temperature gradient of ~20 °C between the
top and bottom of the cavity.
In a second set of experiments, RDT7 or RDT10 was
coupled with another single-cell cavity, RDT2. RDT2 had
many macroscopic pits inside the cavity, and was used as
a dummy cavity on top of RDT7 or RDT10 during the
coating. About 3.4 g of tin and 3 g of SnCl2 were placed at
the bottom alike the first set of experiments. The coating
setup also comprised of a secondary tin crucible, which
was loaded with 1.4 g of Sn. It was attached to the top cover
with a Nb rod, and hung inside the bottom beam pipe of
RDT2. A witness sample was always suspended to
secondary Sn crucible with Nb wire. The heat profile was
similar to the first set of experiments except there was a
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DEVELOPMENT OF Nb3 Sn MULTICELL CAVITY COATINGS∗
G. Eremeev† , Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, U.S.A.
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Abstract

Nb3 Sn films have the potential to augment niobium in SRF
cavities. Besides single-cell cavity efforts to improve Nb3 Sn
films, we are working to replicate single-cell results onto
the practical 5-cell CEBAF cavities. High quality factors
(1011 at 2.0K and 1010 at 4.3 K) have been measured, but the
cavities are typically limited by strong low-field Q-slopes
and early quenches. Two of the cavities were selected to be
assembled into a ’mock-up’ cavity pair unit, the standard step
before installation into a cryomodule. Comparison of test
results between VTA and pair test offered the first glimpse
into post-processing effects on the cavity performance.

INTRODUCTION

Nb3 Sn films are a promising alternative for superconducting RF applications. Progress in Nb3 Sn coating onto
niobium cavities using vapor diffusion techniques have been
achieved in recent years, and accelerating gradients of Eacc
≈ 20 MV/m with high quality factors at 4.3 K seem to be
within the reach [1–4]. An important step forward is to use
Nb3 Sn-coated cavities to accelerate particle beams and to
study cooldown, magnetic field, “aging”, irradiation, and
other effects related to accelerator operation, which have
not been studied: except for a short test [5], Nb3 Sn cavities have not been employed to accelerate beams. Towards
these goals, CEBAF 5-cell cavities have been systematically
coated at Jefferson Lab. Albeit the gradients achieved to date
are lower than the target Eacc = 10 MV/m, two cavities were
processed through the standard preparation steps towards
cryomodule assembly after Nb3 Sn coating and testing, and
the test results before and after pair assembly were analyzed.
These first tests point to the potential challenges regarding
integration of Nb3 Sn cavities into accelerating modules.

5-CELL CAVITY COATINGS

Cavities IA110 and IA114, both produced by industry
in 90s for CEBAF construction, were selected to be assembled into a "mock-up" cavity string unit after Nb3 Sn coating.
Before Nb3 Sn coating, both cavities received 25 µm electropolishing and high pressure water rinsing. Each cavity
was assembled in the cleanroom for Nb3 Sn coating. HOM
and FPC couplers were covered with niobium blanks using
molybdenum fasteners. A crucible with 7 g of Sn and 3 g
of SnCl2 was attached to the bottom of the cavity, and a top
cover with a suspended small crucible hosting 3 g of Sn was
used to cover the other beam port of the cavity. The cavity
∗

†

was then moved to the deposition system and loaded into the
coating insert. Once the insert vacuum reached 10−6 Torr
range, coating cycle was initiated. The coating comprises
6 degree per minute ramp to nucleation temperature of 500◦ C,
where nucleation is done for 5 hours. The temperature is
then ramped up to 1200 ◦ C at 12 degrees per minute, where
Nb3 Sn growth takes place for 24 hours. Once the cycle is
complete, heat shuts off and the cavity cools in vacuum to 45 ◦ C,
which takes about 12 hours. Coating assymetry, which

Co-Authored by Jefferson Science Associates, LLC under U.S. DOE
Contract No. DE-AC05-06OR23177. This material is based upon work
supported by the U.S. Department of Energy, Office of Science, Office of
Nuclear Physics.
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Figure 1: A picture of the inside of IA110 coated with Nb3 Sn.
The left picture is taken through the beam tube on the fundamental power coupler side, which is at the bottom during
coating. The right picture is taken through the beam tube on
the high order mode couplers side, which is at the top during
coating. Note similar coating appearance at both sides.
was often seen in earlier 5-cell cavity coatings, was resolved
with the addition of a secondary Sn source at the top. In
Fig.1, pictures of coated IA110 cells taken through each of
the beam tubes are shown. Both the first and fifth cells have
a similar uniform complete appearance of a typical Nb3 Sn
coating. Following the visual inspection, the cavities were
also inspected with KEK optical inspection system [6]. A
number of weld defects were observed at the equators in
different cells during as-received inspection. Similar defects
at the equator were seen after coatings, Fig.2.

Figure 2: IA110 pictures from optical inspections. Left
image shows camera images of the equator region in the 3r d
cell and the right image shows camera images from about
the same area after Nb3 Sn coating. Note defects in both
images.
Two witness samples were put inside each cavity during
assembly for Nb3 Sn coating. One sample was hung at the
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TOOLBOX FOR OPTIMIZATION OF RF EFFICIENCY FOR LINACS
J. Ögren∗ , A. Latina, D. Schulte
CERN, Geneva, Switzerland

Abstract

INTRODUCTION

For normal-conducting linacs the RF system becomes an
important driver of the overall power consumption and total
cost. For the Compact Linear Collider (CLIC) [1,2] a global
optimization was performed. It is a non-trivial task with
many parameters: dimensions, gradient and lengths of the
accelerating structures which in turn affects the needed pulse
length delivered by klystrons and pulse compressors. Here
we present a common toolbox including pulse compressors
and accelerating structure parameters.

RF TOOLBOX

The RF Toolbox is a combination of scripts for RF pulse
compressors written in Octave [3] and an already existing
library, CLICopti [4], for accelerating structure parameters,
which now also can be conveniently accessed via Octave.

Pulse Compressor
We have implemented Octave scripts [5] for a SLEDtype pulse compressor [6] that can output both a single- and
double-pulse modes. In a pulse compressor the RF energy is
stored in two cavities and by flipping the phase of the input
signal the stored amplitude constructively interferes with
the incoming signal resulting in a short output pulse with
higher power. By changing the coupling, pulse separation
and phase ramp a flat single- or double-pulse with maximum
energy can be obtained. We use a built-in Octave optimizer
for determining the pulse compressor parameters. Figure 1
shows the input and output power signals for a double pulse.

CLICopti
CLICopti is an RF structure parameter estimator that can
estimate RF structure parameters based on inputs such as
cell type, cell length, apertures, tapering and number of cells.
∗
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Input
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3
Power

We present a toolbox for optimizing the RF efficiency for
linacs and as an example we use it to re-optimize the Compact Linear Collider booster linac. We have implemented a
numerical model of a SLED-type pulse compressor that can
generate a single or a double pulse. Together with the CERN
CLICopti library, an RF structure parameter estimator, we
created the toolbox which enables thorough optimizations
of linacs in terms of RF efficiency, beam stability, and cost
simultaneously, via a simple and concise Octave script. This
toolbox was created for the optimization of X-band-based
linacs, however it can also be used at lower frequencies, e.g.
in the S- and in the C- bands of frequencies.
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Figure 1: Example of pulse compressor input and output
power signals. In this case a 2 GHz 8 µs klystron pulse is
compressed to two 800 ns long pulses with a gain factor of
2.9.
From these inputs, the software returns parameters such as
filling time, RF power needed for a given gradient, efficiency,
etc. CLICopti, originally written in C++ as a binary shared
library, was recently interfaced to Octave and Python using
the Simplified Wrapper and Interface Generator (SWIG),
which is a software development tool for building scripting
language interfaces to C and C++ programs [7]. This significantly eased the use of the library, and made it promptly
accessible from high-level scripting languages designed for
scientific computations such as Octave. The following lines
of Octave script show how CLICopti can be used to retrieve
useful information related to an RF structure:
%rf structure parameters
frequency = 11.9942; % GHz, X-band
G = 66e6; % V/m, gradient
a = 0.1; % average a/lambda
d = 0.11; % average thickness/cell length
n_cell = 60; % number of cells per structure
beam_current = 1.65; % A, beam peak current
% initialize the library
base = CellBase('DB/TD_12GHz.dat', frequency);
as = AccelStructure(base, n_cell, a, 0.0, d, 0.0);
% inquire the library
filling_time = as.getTrise() + as.getTfill() % s
power_unloaded = as.getPowerUnloaded(G*as.getL()) % W
power_loaded = as.getPowerLoaded(G*as.getL(), beam_current) % W
t_beam = as.getMaxAllowableBeamTime(power_loaded).time % s

The CLICopti estimator is open source and freely available
[8].

OPTIMIZING THE CLIC BOOSTER
LINAC
For a given accelerating structure geometry one can estimate the head-tail instability for a given set of beam parameters. Following the reasoning for multi-bunch instability
MC5: Beam Dynamics and EM Fields
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Abstract
This work will describe Fermilab experiments that focus
on the optimization of doping parameters to achieve low
sensitivity to trapped magnetic flux while maintaining very
high Q characteristic of nitrogen doped cavities and same
or higher quench fields. Working partially in the context of
LCLS-II higher energy upgrade, new doping recipes are
pursued and have been found to vary the mean free path of
the resonator which is related to the sensitivity to trapped
magnetic flux. Moreover, a correlation has been found between lighter doping and higher quench fields while maintaining sufficiently low surface resistance.

INTRODUCTION

Nitrogen doping is a surface treatment for niobium superconducting radio-frequency (SRF) cavities capable of
producing ultra-high quality factors and very low BCS surface resistance, thereby decreasing the cryogenic load and
ultimately driving the cost of machines down [1-3]. However, cavities subject to this surface treatment experience a
lower quench field (~27 MV/m) than obtained with other
treatments (+40 MV/m) [4,5]. In addition, N-doped cavities show an increase in sensitivity to trapped magnetic
flux when compared to other standard treatments [6,7].
In the context of LCLS-II High Energy upgrade and Fermilab R&D, this work presents a sequential study of new,
optimized nitrogen doping surface treatments for the minimization of sensitivity to trapped magnetic flux and surface resistance while maximizing quench fields. In addition, TMAP studies were performed and cavity parameters
are compared with trends found in [6] to gain insight on the
mechanisms responsible for the increased performance that
arises from these surface treatments. Lastly, the results of
a 9-cell TESLA shaped Nb SRF cavity subject to one of
these optimized nitrogen doping treatments is presented
along with further possible insights on the mechanisms responsible for quench.

successfully implemented LCLS-II 2/6 N-doping surface
treatment and tested at FNAL’s vertical test stand (VTS).
Then, the cavities underwent a 40 µm removal of the RF
surface via electropolish (EP) to reset it. After this removal,
the cavities received a new, optimized 2/0 N-doping treatment proposed by FNAL and were retested. Another 40 µm
EP followed and the cavities were tested after receiving a
final surface preparation, 3/60 N-doping, as proposed by
Jefferson Laboratory. Note that all doping treatments were
followed by a 5 µm EP removal to eliminate any nitrides
that form on the surface. This leaves nitrogen to exist only
as interstitial near the RF surface.
Table 1: Nitrogen Doping Treatments
2/6 DopingBaseline
800 C 3h in
UHV

2/0 DopingFNAL
800C 3h in
UHV

3/60 DopingJLab
800 C 3h in
UHV

800 C 2min
25 mTorr N

800 C 2min
25 mTorr N

800 C 3min
25 mTorr N

800C 6min
UHV

N/A

800C 60min
UHV

5 µm EP

5 µm EP

5 µm EP

RESULTS AND DISCUSSION
Sequential Study of Single Cells
The performance for one of the three single cell cavities
post subsequent treatments outlined in Table 1 is summarized in Fig. 1.

CAVITY PREPARATION

Three 1.3GHz niobium SRF cavities from RI and AES
were subject to sequential surface treatments to ensure the
same surface morphology. The treatments are outlined in
Table 1. First, each of the cavities was baselined with the
___________________________________________
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Figure 1: (Left) Quality factor vs accelerating gradient
measurements and (Right) BCS resistance vs accelerating
gradient of CAV# 1 post sequential treatments.
Cavity# 1 post the 2/6 doping LCLS II baseline gave a
quench field of 27.5 MV/m with a max Q0 of 4E10. After
resetting the cavity surface and treating with 2/0 doping,
MC7: Accelerator Technology
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DEVELOPMENT OF RF INTERLOCK AND DIAGNOSTICS SYSTEMS IN
SOLARIS STORAGE RING
M. Knafel† , G. Cioś, M. Madura, A.I. Wawrzyniak,
Solaris National Synchrotron Radiation Centre, Jagiellonian University, Krakow, Poland

Abstract
The RF team in NSRC Solaris is tasked with not only
maintaining existing systems, but also developing and
introducing new solutions to improve overall performance
and reliability of the storage ring. Therefore a number of
devices developed and introduced this year are a subject of
this paper, including a Cavity tuning protection system,
Master Oscillator splitter and Tune excitation network.

CAVITY TUNING PROTECTION

All resonant cavities in the storage ring are fitted with a
tuning mechanism that uses a mechanical arm to stress and
de-stress one of the cavity walls. During maintenance operations, or simply during some tests with the beam, manual tuning of the cavities is possible. This operation poses
a potential risk, of stressing and damaging the cavity walls.
The mechanical construction of the tuning arm is equipped
with end-switches to detect the outermost safe position of
the cavity, however the electrical signal they send is handled only digitally. If the tango device server is not responding the interlock would not function. In order to prevent this an electronic device was built to physically disconnect the power to the tuning motor, as soon as limit
switch is reached. The outlook of this device is presented
in Fig. 1

Figure 1: Assembled and running device.

The device handles all four cavities, and disconnects the
motor drives with special, industry-grade relays.
It is interfaced with PLC systems and can signal an
interlock to the outside and also can be potentially remotely
reset.

In the case of an interlock, the relays become energised
and motor is disconnected. In order to return the motor to
a safe position, there is a physical button that needs to be
pressed on the front-plate of the device. While the button
is pressed, the operator in the control room can move the
motor in an opposite direction. After such action, the button can be de-pressed and the system returns to normal operation. The device was tested with all cavities and all possible limit switches and the results were good. So far, after
about a year of operation, the device disconnected cavities
only once.

MASTER OSCILLATOR DIVIDER
NETWORK

Figure 2: Inside of the MO divider.
Due to development of the storage ring and beamlines,
there is an increasing number of devices that require the
signal from the Master Oscillator (MO). The signal was
usually distributed by cables, from splitters placed directly
on the MO output. With every new splitter the signal is attenuated, and new modules would receive signal that could
be too weak in power. Therefore a device was constructed,
that amplifies the MO signal and then feeds it into a splitter
network, providing all output ports with sufficient power
rating and matched phase signal. The device consists of an
amplifier from Mini-Circuits (ZHL-3A-S+), and an array
of splitters that ensure sufficient power levels on every
output.
Everything is connected witch semi-rigid cables to provide phase-matching. Inside, the input is also connected to
the amplifier via a 100MHz low-pass filter in order to filter
out any noise coming from the outside. The device was
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X-RAY PINHOLE CAMERA FOR EMITTANCE MEASUREMENT IN
SOLARIS STORAGE RING
A. Kisiel, A. Marendziak, M. Ptaszkiewicz∗ , A.I. Wawrzyniak
Solaris National Synchrotron Radiation Centre, Krakow, Poland

Abstract
The measurements of the emittance can be done indirectly
by measuring the transverse beam size using the synchrotron
radiation produced by it. X-ray pinhole camera is widely
used system for the transverse beam profile measurement
and emittance feedback. However this method is predominantly applied to the middle and high energy storage rings.
At Solaris storage ring with the nominal energy of 1.5 GeV,
the design of the beamline was modified to provide sufficient
X-ray photon flux for proper imaging. The successful installation and commissioning of the X-ray pinhole beamline
allows now to measure the emittance and helps in proper 3rd
harmonic cavities tuning against the coupled bunch mode
instabilities. The paper describes the design details, simulations and measurement results obtained during the beamline
operation.

INTRODUCTION

The first X-ray diagnostic beamline was installed and commissioned in the Solaris storage ring in the mid of 2018. This
X-ray diagnostic beamline has been designed to measure the
transverse beam profile and to monitor the emittance and
their stability during the beam decay.
The Solaris light source consists of 600 MeV linear accelerator, dog-leg transfer line, 1.5 GeV storage ring with
96 m circumference and can store a beam up to 500 mA current. The designed parameters of 1.5 GeV storage ring are
presented in Table 1. A detailed description of the machine
and the layout can be found in [1–4].
Table 1: The Solaris Storage Ring Main Parameters
Parameter
Energy
Max. current
Circumference
Harmonic number
Horizontal emittance
Coupling
Tunes 𝑄𝑥 , 𝑄𝑦
Electron beam size (straight
section centre) 𝜎𝑥 , 𝜎𝑦
Electron beam size (dipole
centre) 𝜎𝑥 , 𝜎𝑦

Value
1.5 GeV
500 mA
96 m
32
6 nm rad
1%
11.22, 3.15
184 μm, 13 μm
44 μm, 30 μm

The Solaris has been operating with the beam in storage
ring since May 2015 and currently serves two beamlines
∗
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(PEEM/XAS with two end-stations, and UARPES with one
end-station). Three more beamlines: PHELIX, XMCD and
LUMOS – second diagnostic beamline have received funding and will be installed and commissioned in next few years.

PINHOLE CAMERA SETUP
There are two diagnostic beamlines at the Solaris, an Xray PINHOLE and an optical LUMOS beamlines. The first
X-ray diagnostic beamline was installed and commissioned
in the Solaris storage ring in the mid of 2018. A schematic
layout of this beamline is shown in Fig. 1. The second
diagnostic beamline will be activated in Solaris at the second
half of 2019.
The PINHOLE diagnostic beamline uses the X-ray light
form a bending magnet. The bending magnets in the storage ring produce photons in the broad energy range from
infrared to hard X-ray. The synchrotron radiation (SR) from
the middle of the 7.5∘ dipole magnet is extracted through
a vacuum window. In case of PINHOLE beamline, the SR
passes from vacuum to air through a 0.4 mm thick CVD
(chemical vapour deposited) diamond window, which acts
also as a filter. The bandwidth of the source filtered by the
window goes from approximately 3 keV to above 35 keV
with a peak photon flux at 7 keV. After exiting the window,
the X-rays pass through 57 mm of air to the pinhole cross.
The pinhole is placed behind the window, as close as possible to the source. The distance between the X-ray source
point and the pinhole is 2.75 m. A rectangular pinhole was
made from horizontal and vertical tungsten slit. Whole tungsten block of rectangular pinhole is mounted on four-axis
optical table.
After passing through the pinhole cross, X-rays reach the
scintillator crystal and are converted to the visible light at
the image plane by a thin (0.2 mm) LuAG(Ce) (Lutetium
Aluminium Garnet - Lu3Al5O12:Ce) scintillator crystal with
a peak emission of 535 nm. LuAG(Ce) phosphor screen is
located an additional 3.98 m (of air layer) downstream from
the pinhole, so that the image is magnified by a factor of
1.45. The optical light from scintillator is reflected 90 degree
with a mirror and imaged by a CCD camera. For alignment
purposes, the screen, mirror and CCD camera are mounted
together in a x-z translation stage.

PINHOLE SYSTEM DESIGN
The resolution limit of the X-ray pinhole system depends
on used photon energy, the distance between X-ray source,
pinhole and screen (detector) and beta-value at the source.
The beamline was optimized for operating with smaller
than nominal (500 mA) stored beam current, what is cru-
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STUDY OF A PROTON THERAPY BEAMLINE FOR EYE TREATMENT
WITH BEAM DELIVERY SIMULATION (BDSIM) AND AN IN-HOUSE
TRACKING CODE
E. Gnacadja∗ , R. Tesse, N. Pauly, C. Hernalsteens,1
Service de Métrologie Nucléaire, Université libre de Bruxelles, Brussels, Belgium
S.T. Boogert, L.J. Nevay, W. Shields,
John Adams Institute at Royal Holloway, University of London, Egham, TW20, 0EX, UK
1 also at Ion Beam Applications (IBA), Louvain-la-Neuve, Belgium

Abstract

The complete modelling of passive scattering proton therapy systems is challenging and requires simulation tools
that have capabilities in both beam transport and in the detailed description of particle-matter interactions. Beam Delivery Simulation (BDSIM) allows the seamless simulation
of the transport of particles in a defined beamline and its
surrounding environment. A complete 3D model can be
built from Geant4, CLHEP and ROOT to provide a complete analysis of the primary beam tracking. This capability
is applied to the eye treatment proton therapy machine part
of the IBA Proteus® Plus product line. Those simulations are
compared with a fast in-house particle tracking code with a
semi-analytical model of Multiple Coulomb Scattering. The
preliminary results leading to the detailed knowledge of the
beamline performance are discussed in detail.

INTRODUCTION

Ocular tumors treatment options include surgery (either local resection or enucleation), chemotherapy, thermotherapy
and radiation therapy [1]. Proton therapy offers advantages
to treat ocular melanomas given its ability to spare healthy ocular and cranial tissues. In such complex and heterogeneous
organs, proton beams can offer better dose conformation
compared to photons, thanks to the Bragg Peak property of
charged particles.
The IBA Proteus® Plus system is a cyclotron-based multiroom proton therapy center. It can include multiple types
of treatment rooms, including gantry and fixed-beam rooms.
In this work we study the single scattering nozzle which can
be featured in the so-called Fixed Small Treatment Room
dedicated to eye treatment.
A schematic representation of the main components of
this nozzle is shown in Fig. 1. From left to right, we can
observe the first ionization chamber (IC1) which serves as
a beam profile monitor at the nozzle entrance, the Lollipop
Box (LB) which contains both the scattering (high Z and
high density material) and the range shifting (low Z material)
foils, the Neutron Shield (NS), a hollow polycarbonate cube,
used to stop neutrons produced in the nozzle (mainly by
the range shifting and scattering processes) and the Snout
(SN), coupled with a 3 cm inner diameter aperture. The 3
cm aperture simulated in this work represents the maximum
∗
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Figure 1: Schematic representation of the IBA single scattering eye treatment nozzle.

field size to be delivered. Actual patient-specific apertures
are typically of smaller radii. A cubic Water Phantom (WP),
placed 7 cm downstream of the aperture exit, is also shown.
The transverse and depth dose profiles of the beam obtained at isocenter (7 cm downstream of the aperture exit)
must meet tight clinical requirements: lateral uniformity,
Spread-Out Bragg Peak (SOBP) flatness, optimal dose rate
and lateral penumbra. The lateral penumbra is the distance
between the 80% and 20% dose points and defines the sharpness of the field fall-off. It must typically be below 1.5 mm.
The maximum field size (defined as the distance between
the 50% dose points for a circular field at isocenter) and the
penumbra define the so-called Uniform Region: the field size
with a distance of twice the penumbra subtracted on each
side. The dose profile of the uniform region must remain
between 98% and 102% of the on-axis dose value.
All those properties are determined by the optical properties of the beam at the nozzle entrance, by the nozzle
geometry and by the beam-matter interactions occurring
in the beam modifying elements that are inserted in the
nozzle (range shifters and scatterers). This work presents
preliminary results obtained for the evaluation of these properties for a single-scattering nozzle design. Different models
to compute the beam-matter interactions are developed for
progressively more realistic geometries and compared. The
Fermi-Eyges (FE) transport formalism [2] is used to perform
a semi-analytical computation of the minimal Tantalum scatterer thickness, needed to achieve a 98% beam uniformity
at isocenter, for a 3 cm field size. Then, the in-house code
“MANZONI” is used to track the beam through the nozzle.
It allows the tracking of a large number of particles through a
beamline and implements various beamline and beam shap-
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LONG RANGE BEAM-BEAM TUNE SHIFTS & WIRE COMPENSATION*
S. R. Koscielniak†, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6TβAγA

Abstract
The weak-strong model subjects the test particle in the
weak beam to transverse impulses from the strong beam,
resulting in betatron tune shifts. We give analytic formulae
for small amplitude and asymptotic shifts for three cases:
short-range, long-range, and wire compensation; and optimize the latter to minimize the non-linear tune spreads.

BEAM-BEAM MODEL

We have two counter-rotating particle beams with like
charges (i.e. p-p or e-e). The electrical charges in a “weak”
bunch can be equal to those in a “strong” bunch. Despite
the naming weak-strong beam-beam (BB) model, the formulae for the short range (SR) and long range (LR) BB
tune shifts are actually the “almost strong-strong” model
tune shifts. The only sense in which they are not “exactly
strong-strong” is that the mutual disruption within (and of)
the beams is not included.
The LRBB interaction produces a closed orbit distortion
(COD) for the “weak” beam in the presence of the “strong”
beam. In principle, the weak-strong model can give the linear part of the mutual strong-strong COD; and Lie-algebraic methods could be used to find the strong-strong COD
to higher order in displacements.

Single-Beam Tune Shifts
The space-charge tune shift of a particle within a single
beam (alone) contains an electrical repulsion and a magnetic attraction – producing partial cancellation of forces.
The single within-beam tune shift becomes very small at
high energy, ( →1, >>1). But, it acts everywhere all the
time. It adds up, cannot be ignored; indeed, it renormalizes
the base tunes; or can be nulled by the ring quadrupoles.

Beam-Beam Tune Shifts

Beam-beam effects are well studied [1-10]. Consider a
test particle in the weak beam, and forces from the strong
beam. Because the witness has velocity opposite to the
strong beam, the magnetic force reverses sign and acts outwards (becomes repulsive). There is another way to see
this. If we think about the case of strong-strong, we realize
that the SRBB interaction arises from a beam with twice
the charge and zero (net) current. The electrical forces double up, and the magnetic forces are zero. The net effect is
equal the SRBB value. Likewise for counter rotating particle & anti-particle beams, the electrical forces cancel (zero
charge) during the SRBB interaction, and the magnetic
forces double (opposite currents and opposite velocities).
Again, the net effect is equal the nominal SRBB value.
In contrast to the single-beam space-charge tune shift,
the BB interaction is brief and isolated to a few specific
___________________________________________
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locations in the ring. But the individual shifts contributed
are large (β>>1/ ), and are therefore important.
Roughly speaking, the width of the SRBB tune shifts is
bracketed by the values at
▪ small/zero amplitude (largest tune shifts)
▪ largest amplitudes (smallest tune shifts).
Likewise, for sufficiently large beam separation, the width
of the LRBB tune shifts is bracketed by the values at
▪ small/zero amplitude (smallest tune shifts)
▪ largest X amplitudes (largest tune shifts).
So, having simple expressions for zero amplitude and asymptotic large amplitude tune shifts would be useful for
quick estimation. The dependence of SRBB & LRBB tune
shifts on parameters has been investigated previously [γ,4];
but simple formulae are not given in those sources.

Figure 1: Geometry & coordinates of strong and weak
beams.
We know field E(r) for strong beam, and hence potential
V(r)= V(rβ ). We also know r(x,y,d); see Fig. 1. By taking
derivatives w.r.t. x or y, we can find forces on the test particle in weak beam due to the strong beam. By suitable
choice of x,y,d several interesting cases can be found:
short-range, long-range, and wire compensation.
Hamiltonian & Modulations
The β-dimensional Hamiltonian is H=Hx +Hy where Hx
= Tx +Ux =kinetic+ (harmonic potential) = Hx =(x’)β+xβ.
We take action (J) and angle (q) variables: x=
Sqrt[βJx]Cos[qx] and qx’= μx; and likewise for Hy. Hence:
H=μx.Jx + μy.Jy. Now add the perturbation = interaction potential V= V[rβ] = V[r(x,y)β] = V[r(x(Jx,qx),y(Jy,qy))β]
=V(Jx,qx;Jy,qy).
V produces modulation of the angle (q) and action (J).
qx‘ = ∂H/∂Jx ; Jx‘ = -∂H/∂qx=0 ;
Δqx‘ = ∂V/∂Jx ; Jx‘ = -∂V/∂qx .
Likewise for Hy. We use the chain rule for derivatives to
find these modulations. To find the net effect, we integrate
over one cycle of the unperturbed motions. Hence a double
integral over qx and qy. For example, Δμx = ∫∫Δqx‘ dqx.dqy.
We take cylindrical Gaussian distributed beam density
ρ=Exp[-J] & J=r2/2 leading to field E=(1-Exp[J])/(2J) and
potential � = −Euler − [ , J] − Log[J] / . The Γ
function generalises concept of factorials to non-integers.

Short Range Beam-Beam Tune Shift & Spread
We set beam separation d=0.
Let χ = Jx Cos[qx] + Jy Cos[qy] . Due to the high
symmetry, expressions for qx’ & qy’ are equivalent.
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MODELIZATION OF AN INJECTOR WITH MACHINE LEARNING
M. Debongnie†, Accelerator and Cryogenic Systems, Orsay, France and Laboratoire de Physique
Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble, France
F. Bouly, M. Baylac, Laboratoire de Physique Subatomique et de Cosmologie, Université
Grenoble-Alpes, CNRS/IN2P3, Grenoble, France
T. Junquera, Accelerator and Cryogenic Systems, Orsay, France
N. Chauvin, D. Uriot, CEA Saclay/DRF/IRFU, Gif-sur-Yvette, France
A. Gatera, SCKCEN, Mol, Belgium

Abstract
Modern particle accelerator projects, such as the
accelerator for the Multi-purpose hYbrid Research Reactor
for High-tech Application (MYRRHA) project driven by
the SCK*CEN in Belgium, have very high stability and/or
reliability requirements. This means that new strategies for
the control systems have to be developed. For that, having
faster beam dynamics simulation could prove to be helpful.
In this paper, we report the training of neural networks to
model key properties of the beam in the MYRRHA injector
as well as in IPHI (“Injecteur de Proton à Haute Intensité”).
The trained models are shown to be able to reproduce the
general behaviours of the machines while requiring a very
low computation time.

INTRODUCTION

Modern particle accelerator projects, such as the
accelerator for the Multi-purpose hYbrid Research Reactor
for High-tech Application (MYRRHA) project driven by
the SCK*CEN in Belgium [1], have very high stability
and/or reliability requirements. As an ADS demonstrator,
the MYRRHA project requires an accelerator able to
function with less than 10 beam trips longer than 3 seconds
over an operation cycle of 3 months. The consolidated
design of this ADS-type proton accelerator is based on a
linac solution.) cavities. It is composed of a low energy
(normal conducting) injector where a 30 keV beam is
transported through the Low Energy Beam Transport line
(LEBT) [2] and matched to a 176 MHz 4-rod RFQ [3]. The
1.5 MeV bunched beam at the RFQ output is then
accelerated up to 16.6 MeV by CH-cavities [4]. Then the
beam is injected into a the main superconducting linac,
composed of independently powered superconducting
cavities [5] to be accelerated to 600 MeV [6].
To meet the reliability requirements, it is necessary to
optimize or develop new methods for the accelerator
control systems: to minimise beam losses by achieving fine
tuning of the injector, but also to quickly calculate linac
settings when a failure compensation has to be applied [7].
One of the difficulties lies in the relatively long
computation time of current beam dynamics codes. In this
context, the very low computation time of neural network
is of great attraction. However, a neural network has to be
___________________________________________
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trained in order to be of any use. The training of a beam
dynamic predictor uses a large dataset (experimental or
simulated) that represents the dynamics over the parameter
space of interest. Therefore, choosing the right training
dataset is crucial for the quality of the neural network
predictions. In this work, a study on the sampling choice
for the training data is performed to train a neural network
to predict the characteristics of a beam through proton linac
injector (i.e. a LEBT and RFQ). We show and discuss the
results obtained on training data set to model the IPHI
(“Injecteur de Proton à Haute Intensité”) [7] and
MYRRHA injectors transmission

THE MYRRHA & IPHI INJECTORS
This work covers injectors with similar designs from two
projects: IPHI and MYRRHA. The interest in working
come from two points: the first is that the MYRRHA LEBT
was not operational at the time this work started and the
second is the interests manifested by the IPHI team to
optimize the transport in their line. In both cases, a proton
beam is extracted from an ion source into a LEBT section.
The role of the LEBTs is to shape de beam and drive it into
a RFQ, first acceleration and bunching element. To do so,
the LEBTs are equipped with two solenoids to focus the
beam and four steerers to direct it (see Fig. 1).

Figure 1: LEBT architecture.

MYRRHA
This injector is designed to provide a 4 mA proton beam
with CW operation at the RFQ output. The protons are
extracted from the source at 30 keV. In the LEBT, the
collimator consists of 4 copper plates that can be moved
independently from each other to intercept part of the
beam. Note that the RFQ of the MYRRHA injector is
currently under commissioning at SCKCEN (in LouvainL-N) and thus has not yet been assembled to the LEBT.
Therefore, the neural network model was trained using the
beam current measured in a faraday cup placed after the
collimation cone. The line is equipped with two Allison
scanners and two Faraday cups, the firsts of each are
MC5: Beam Dynamics and EM Fields
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SHORT BUNCH EXPERIMENT AT EXALT FACILITY
C. Bruni∗ , J-N Cayla, S. Chance, V. Chaumat, N. Delerue, N. ElKamchi, P. Lepercq, H. Purwar,
LAL,CNRS/IN2P3, Universite Paris-Saclay, Orsay, France
E. Baynard, M. Pittman, CLUPS, Orsay, France
B. Lucas, O. Neveu, CNRS LPGP Univ Paris Sud, Orsay, France
T. Vinatier, DESY, Hamburg, Germany

Abstract

Nowadays, different applications required short bunches,
with low energy spread and low emittances. On EXALT
facility, we perform an experiment with a short (≈100 femtosecond) laser pulse on a photocathode in a 3 GHz RF gun.
We perform the measurement of the single photon emission
process with a copper cathode. We show that the longitudinal photoinjector model via transfer matrix is suitable
for the reconstruction of the bunch duration even in short
pulse model with an increased accuracy charge below 20
pC. We clearly measure the parabolic profile in the energy
spectrum resulting from blow out phenomena at the cathode
due to strong space charge forces. Measurements are also
compared with the Astra simulations.

DRUM EXPERIMENT AT EXALT
FACILITY

EXALT is a merging of two installation : PHIL test line
photoinjector [1] and LASERIX [2] high power Ti:Sa laser.
The aim of the facility is first to explore the beam dynamics
for low energy short bunches (DRUM experiment), and second, to have a unique facility where experiment combining
high power lasers and short bunches are available, one of
the goal being the laser plasma wake field acceleration [3].
We first use a leakage of a high power Ti:Sa laser LASERIX
for the photocathode of the PHIN 3 GHz RF gun. One of
the goal of the facility is to explore the beam dynamics and
the multiphoton process. Then, we managed the duration
of the laser pulse with an optic compressor (100fs - 2 ps)
and the wavelength with frequency doubling stage (Ultraviolet, infrared or visible) as shown in Fig. 1. We can set at
the cathode different wavelength and laser duration. We recently solve the synchronisation issue of the two independent
synchronisation systems of the equipment [4]. The DRUM
experiment started after this achievement (see Fig. 2 for a
schematic of the test line). The objective is to explore the
beam dynamics in the blow out linear expansion of the short
bunches at the cathode, to explore multiphoton emission
process at the cathode, and to measure the bunch duration
of a 3 to 10 MeV electron beam. To quantify the photoemission, the charge extracted from the gun is measured with
an ICT. We dispose also of different YAG screen station to
measure the transverse spot profile of the electron bunch.
Different solenoid are in the line to focus the beam at the
photoinjector exit and at the entrance of the spectrometer.
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1 mJ,
50 fs,
800 nm

Conversion

@cathode
90 µJ, 266 nm
200 µJ, 400 nm
>200 µJ, 800 nm

Optic compressor
Laserix, 1.6 mJ, 500 ps, 800 nm

Figure 1: Schematic of the pulse compressor and the frequency conversion of the Ti:Sa laser LASERIX for the 3GHz
RF gun cathode
Photoinjector

Focusing
Spectrometer
Laser pulse

Figure 2: schematic of the PHIL test line used for the DRUM
experiment. The laser pulse is send to the cathode in the RF
gun. Different solenoids are allowed for focusing a spectrometer combined to a YAG screen and imaging are available
for energy spread measurements

In fact, one of the goal of the DRUM experiment at EXALT
facility is to retrieve the electron bunch duration with the
3 phase measurement. The method is detailed in the next
section and is based on the energy spread measurement.

BUNCH LENGTH MEASUREMENT
METHOD
Short bunch duration measurement can be done in different ways : electro optic sampling, transverse deflecting
cavity, smith purcell radiation. At an energy of 5 MeV, the
electro optic sampling and smith purcell radiation have a
resolution which is in the ps range and are not suitable in
our case. Concerning the transverse deflecting cavity it required additional klystron, which required large funding.
We choose a robust, low cost and simple method to measure
the bunch duration : the 3 phase method. This method is
equivalent to the transverse emittance measurement with
the 3 gradient method, but for the longitudinal emittance. 3
phases is a rather simple method to reconstructed the initial
bunch duration with a least 3 measurement of the final energy spread. We consider there an element R, which acts
on the longitudinal parameters of the electron bunch. Then,
the energy spread at the element exit σE f depend on the
transfer matrix term of the element R and of the longitudinal
MC5: Beam Dynamics and EM Fields
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BEAM DYNAMICS ERRORS STUDIES
FOR THE IFMIF-DONES SRF-LINAC
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Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
Abstract
The goal of the IFMIF-DONES (International Fusion Materials Irradiation Facility-DEMO Oriented Neutron Source)
project is to build an irradiation facility that will provide a
sufficient neutron flux to study and characterize structure materials foreseen for future fusion power plant. In order to accelerate the required 125 mA/40 MeV continuous deuteron
beam from 5 to 40 MeV, a superconducting radio-frequency
(SRF) linac, housed in five cryomodules, is proposed. The
design is based on two beta families (β = 0.11 and β = 0.17)
of half-wave resonators (HWR) at 175 MHz. The transverse
focusing is achieved using one solenoid coil per focusing
period. This paper presents the extensive multiparticle beam
dynamics simulations that have been performed to adapt
the beam along the SRF-linac in such a high space charge
regime. As one of the constraints of the IFMIF linac is a
low level of beam losses, specific optimizations have been
done to minimize the beam occupancy in the line (halo). A
Monte Carlo error analysis has also been carried out to study
the effects of misalignments or field imperfections (static errors) and also vibrations or power supplies ripple (dynamic
errors). The results of these errors studies are presented and
discussed.

INTRODUCTION
The IFMIF-DONES facility aims at generating a neutron
flux with an energy distribution close to the typical neutron
spectrum of a (d-t) fusion reactor. This can be achieved by
bombarding a liquid Lithium target with 40 MeV deuteron
beam utilizing Li(d,xn) nuclear reactions. To reach the required neutron flux (∼ 5 × 1018 n m−2 s−1 ), the beam intensity delivered by the D+ accelerator has to be 125 mA [1].
The DONES Accelerator design is based on the IFMIF
Accelerator design [2] so that it includes, after the ion source,
the LEBT and the RFQ, a Medium Energy Beam Transport
(MEBT) line and a cold section, called Superconducting Radio Frequency LINear ACcelerator (SRF-linac), where the
125 mA cw deuteron beam is accelerated from 5 to 40 MeV.
Finally a high energy line transports the beam and shapes it
before sending it onto a liquid lithium target.
In this document, the IFMIF-DONES MEBT and SRFlinac layout is presented. In order to assess the feasibility
of this superconducting accelerator design in a very high
space charge regime, beam dynamics calculations and error
studies have been performed. Simulation results are exposed
and discussed.
∗

Nicolas.Chauvin@cea.fr

IFMIF-DONES SRF-LINAC LAYOUT
From the beam dynamics point of view, the MEBT and
the SRF-linac are treated as a whole, as one of the role of the
MEBT is to match the beam, transversely and longitudinally,
into the first superconducting cavities of the linac.

MEBT
The MEBT section is designed to transport the beam from
the RFQ exit and to adapt it for its injection into the SRFlinac. It is composed by 2 beam scrapers (horizontal and
vertical), 2 bunching cavities (five-gap IH resonators with
β = 0.073) at 175 MHz and 5 magnetic quadrupoles with a
total length of 2.35 m [3].

SRF-linac
The layout of the DONES SRF-linac is based on the
one that has been studied in the framework of the IFMIF
project [4]. Nevertheless, the following modifications have
been introduced after a detailed design of each component
of the SRF-linac.
During the IFMIF/EVEDA project, 175 MHz HWR prototypes equipped with an internal plunger tuning system
was initially designed and finally showed some thermal issues. In order to reach the required performances, a new
cavity prototype was developed with an external frequency
tuner.This new frequency tuner implies a 100 mm increase
of each cavity length compared to the initially planned ones.
The last modification by respect to the IFMIF initial design is the space length between two adjacent cryomodules.
After an advanced design of the cryomodules, this length
from the end of a cavity of one cryomodule to the beginning
of the solenoid package of the next one, is 512 mm (instead
of 400 mm, initially) .
In a previous work [5], beam dynamics studies have been
performed using the initial IFMIF SRF-linac design (4
cryomodules) with the above mentioned additional lengths.
Due to unsatisfactory results (beam losses), it was necessary
to propose and study an alternative SRF-linac design to
address the two most delicate issues of the previous layout:
a less aggressive synchronous phase law, in order to keep
a reasonably safe longitudinal acceptance and a higher
transverse phase advance per meter, especially for the
high-β cryomodules.
The first point implies to add some cavities to the SRFlinac in order to accelerate the beam to 40 MeV while applying a smoother synchronous phase law and keeping conservative accelerating field in the HWR.
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INTRA-BEAM SCATTERING EFFECT IN THE SOLEIL STORAGE RING
UPGRADE
A. Vivoli†, A. Bence, P. Brunelle, A. Gamelin, L. Hoummi, A. Loulergue, L. S. Nadolski, R. Nagaoka, M.-A. Tordeux, Synchrotron Soleil, Saint-Aubin, Gif-sur-Yvette, France

Abstract
As the work on the design of the upgrade of SOLEIL
storage ring advances, the study of the impact of IntraBeam Scattering (IBS) on the equilibrium emittance is
also progressing, showing a significant contribution of
this effect. Different measures can be taken to mitigate the
emittance dilution, like operating the machine with full
transverse coupling and using harmonic cavities to increase bunch length. The calculation of the IBS effect
needs then to take into account the different beam dynamics and its effect on the particle distribution. In this paper
the current state of the ongoing study is presented, reporting on the results obtained for the different options considered, and comparing the results of different codes and
their implicit assumptions.

INTRODUCTION

The studies for the design of the SOLEIL storage ring
upgrade entered in the phase of preparation of the Conceptual Design Report (CDR), to be published at the end
of 2020. The target natural emittance of the new ring is
below 100 pm rad while the energy is kept at 2.75 GeV
conserving most of the operation modes and filling patterns in use today. The existing enclosure can accommodate a ring with a circumference around 354 m; with a
frequency about 352 MHz (like today) the harmonic
number is 416 (also unchanged). At nominal intensity
(500 mA) with uniform filling the bunch intensity is
around 1.2 mA but we are interested, for some operations,
in bunch intensities up to 12 mA and during commissioning or machine studies it may also reach 20 mA (bunch
charge up to 23.7 nC). From these parameters it is not
surprising that simulations show the presence of strong
IBS effect which may blow up emittances and deteriorate
the performance of the machine. For this reason the impact of IBS on equilibrium parameters of the new ring is
evaluated. It is also checked the effectiveness of introducing transversal coupling and employing harmonic cavities
to lengthen bunches (diluting the charge density) as countermeasures to cure IBS induced emittance blow-up.

STUDIED LATTICES

The candidates for the new lattice of the storage ring
are mainly of 2 types: the Hybrid and the Higher Order
Achromat (HOA). This study will focus on the estimation
of IBS effect in 2 solutions composed of 20 periodic cells
of either one of the 2 types; currently other solutions are
being studied to best fit constraints given by the beamlines. Details about these lattices may be found in [1-3].
____________________________________________
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Figure 1 shows the optics and layout of a cell of Hybrid
type while Fig. 2 shows a cell of HOA type.

Figure 1: Periodic cell of Hybrid type.
The lattices currently studied have similar Twiss parameters and dispersion compared to the ones treated
here, so that results should not be significantly different.

Figure 2: Periodic cell of HOA type.
At a more advanced stage of the design study new simulations of the new candidate lattices will be performed.
In Table 1 relevant parameters for the 2 rings analysed are
reported.
Table 1: Parameters of Hybrid and HOA Lattices

Lattice
Circumference
N. of cells
Nat. emittance
Nat. energy spread
Nat. bunch length
Damping times (x,
z, s)

Hybrid
354.8 m
20
72.2 pm
8.63 10-4
12.3 ps
9.86, 20.89,
23.98 ms

HOA
354.2 m
20
76.3 pm
7.75 10-4
8.3 ps
10.39, 16.45,
11.60 ms

CODES EMPLOYED
For our investigation we used different codes to crosscheck the results, including ZAP [4], program ibsEmittance which is distributed with elegant [5], and SIRE [6].
ZAP calculates the equilibrium emittances in the storage
ring by iteratively calculating the contributions to the
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RF DESIGN STUDIES OF A 1.3 GHz NORMAL CONDUCTING CW
BUNCHER FOR THE EUROPEAN XFEL
Shankar Lal†, H. Qian, H. Shaker, G. Shu, Y. Chen, F. Stephan,
Deutsches Electron Synchrotron DESY, Plataneallee 6, 15738 Zeuthen, Germany
V. Paramonov, Institute for Nuclear Research of Russian Academy of Sciences,
60-th October Anniversary Prospect 7A, 117312, Moscow, Russia
Abstract
A CW upgrade of the European XFEL is under consideration, and CW electron injectors are under R&D at
DESY. One of the CW injector solutions is a LCLS-II like
injector based on a normal conducting VHF-band gun and
an L-band buncher. RF design of the 1.3 GHz normal
conducting buncher structure with a cavity voltage of
~400 kV, is carried out at DESY, Zeuthen site. The
buncher structure with different geometrical shapes and
number of cells is studied. The cavity RF designs are
optimized to have higher shunt impedance, higher mode
separation and lower RF power for CW operation. In this
paper RF design and multipacting analysis of the buncher
are discussed.

increases with number of cells, we studied multi-cell
structures with KEK type geometry, a two-cell buncher is
designed using CST Microwave Studio® (CST MWS)
[7]. The main constraint of design is to have a beam pipe
diameter 36 mm as required by beam dynamics simulations. The electric field array and magnetic field distribution for  mode is shown in Fig.1, while major RF parameters are summarized in Table 1. The structure has a shunt
impedance of 9.9 M and requires RF power of ~ 17 kW
for a voltage of 400 kV. Although this design has higher
shunt impedance, the power dissipation is significantly
higher, mode separation is very small (~1 MHz) and maximum heating is near the inter-cell coupling iris which is
difficult to remove due to mechanical constraints.

INTRODUCTION
The European XFEL operates in pulsed mode with a
duty factor of 0.65% with an L-band normal conducting
(NC) pulsed photocathode RF gun based injector system
[1, 2]. For a future upgrade to operate in CW mode it
requires a CW injector system. One of the possible injectors would be based on a NC VHF gun similar to APEX at
LBNL [3]. An injector system based on a 217 MHz, NC,
photo cathode gun followed by a 1.3 GHz buncher is
being studied at DESY, Zeuthen site [4]. Preliminary
beam dynamics studies with beam energy of 860 keV
from the gun require a buncher voltage of ~ 400 kV to
achieve the desired beam quality. The APEX buncher has
a re-entrant geometry with 2-cells and operates at 240 kV
with an input RF power of 7.8 kW [3]. Employing the
APEX buncher for voltage of a 400 kV requires 20 kW
RF power which needs a complex cooling scheme. Another limitation of the APEX buncher is its small mode
separation of ~ 1 MHz [3]. In-order to relax the RF power
requirement and increase the mode separation, the RF
design of a 1.3 GHz buncher with different geometries
and number of cells is studied at DESY, Zeuthen site. In
the following section details of the RF design and multipacting analysis of the 1.3 GHz buncher are presented.

Figure 1: Two-cell buncher (a) electric field array plot and
(b) magnetic field distribution for  mode predicted by
CST MWS.
Table 1: RF Parameters of Two-Cell Buncher
RF parameters

KEK DESY
type design 1
1.3
1.3

Frequency f (GHz)
Quality factor Q0
25316
Shunt Impedance R (M) 9.9
1.03
Mode Separation f - f/2
(MHz) [8]
Power dissipation Pc (kW) 17
for 400 kV

DESY
design 2
1.3

27206
8.36
2.75

27819
9.19
3.02

19

18

RF DESIGN OF TWO-CELL BUNCHER
In literature, along with the APEX design two more
single cell buncher designs are reported: (1) Cornell and
(2) KEK with shunt impedances of 4.2 and 5.3 M, respectively [5, 6]. Although the shunt impedance per cell is
highest for the KEK design, the RF power required for a
voltage of 400 kV is ~ 30 kW. Since shunt impedance
†

Figure 2: Shape of (a) tapered (DESY design 1) and (b)
elliptical (DESY design 2) inter-cell coupling iris.
Considering the operational difficulties and to simplify
the cooling scheme the geometry of the two-cell buncher
is modified to increase the mode separation and shift the
peak power density away from the inter-cell coupling iris.
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THE COOLING EFFECT OF BEAM SELF-FIELDS ON THE
PHOTOCATHODE SURFACE IN HIGH GRADIENT RF INJECTORS

Y. Chen∗ , M. Krasilnikov, F. Stephan, Deutsches Elektronen-Synchrotron, 15738 Zeuthen, Germany

Abstract

The intrinsic slice emittance of the emitted electrons on
the photocathode surface at each moment during the transient photoemission process depends on the transverse size
of the slice and the mean kinetic energy of the electrons
within the slice. The latter relies on the surface barrier potentials of the cathode material at a ixed wavelength of
the incident light, and is thus signiicantly inluenced by
the presence of strong rf and beam self-ields at / close
to the cathode surface. This is, in particular, the case in
high brightness injectors for modern free electron lasers. In
this article, the beam self-ields are determined in a selfconsistent approach, based on which improved transverse
and temporal emission distributions are obtained. The nonlinear correlations of the intrinsic surface slice emittance
within the bunch are shown for multiple bunch charges. A
peak to peak variation of the intrinsic surface emittance is
estimated as 30% for the highest charge-density case considered in this paper. An overall reduction of the average intrinsic emittance is computed as 10% accordingly. The cooling
efect on the cathode surface is enhanced as the local spacecharge density rises. The impacts of the cooling efect on
downstream beam qualities are demonstrated through particle tracking simulations based on the injector setup at the
Photo Injector Test Facility at DESY in Zeuthen (PITZ).

INTRODUCTION

High brightness electron sources are widely applied in
modern free electron lasers (e.g. European XFEL [1] and
FLASH [2]) for providing short electron bunches (typically
a few to a few tens of picoseconds) of high bunch charge
(∼nC), very small transverse normalized emittance (<1 mm
mrad) and small energy spread (<1%). Semiconductor photocathodes (e.g. Cs2 Te) are prevalently used in such electron sources. The intrinsic beam emittance originated from
the photocathode, as a lower limit of the optimized transverse emittance, is becoming increasingly important [3, 4].
The overall shape of the slice emittance curve, for instance,
contains a large fraction of the intrinsic beam emittance.
The latter can only be determined through proper modeling of the photoemission process in the presence of (strong)
collective efects in the gun. For extracting desirable highcharge (density) electron bunches of required transverse
emittance, the operation conditions of high gradient rf guns
often lead to an emission regime at beam extraction, namely,
space-charge dominated photoemission [5,6], where strong
space-charge efects inluence the emission process through
complex interplay in the cathode vicinity. In this article, we
consider the impact of beam self-ields onto the formation
∗
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of slice emittance at extraction by introducing transverse
phase-space nonlinearities and nonlinear correlations along
the bunch.

ELECTRON EMISSION MODELING
To account for beam self-ields in the transient process
of photoemission (PE), an enhanced PE model is applied.
The quantum eiciency (QE) formalism for semiconductors
[7, 8] reads
8 Λ
QE = � 4 ∫ �3 (�) �
(1)
Λ 1
with
(�) =

(1 − �)(2�� − � − 1)
1+�
)] (2)
+ �2 ln [� (
1 + ��
2�2

The scattering fraction function, f (�), characterizes the scattering efect during PE accounting for the probability for an
electron to survive from successive collisions on its path to
the cathode surface. The symbol � refers to the cosine of a
deined polar angle with respect to the normal to the cathode surface. The term Λ is deined as the square root of the
ratio between Δ� and the electron ainity �� with Δ� =
ℏ� - �� , that is, the energy diference between the incident
photon energy (ℏ�) and the band gap (�� ) of the cathode
material. The variable p physically interprets the ratio of
the drive laser penetration depth (�) to the average distance
(�) an electron travels between collision events, i.e., � = �/�.
The average distance can be computed as �(2�Δ�)0.5 /�,
where the efective mass � = (�� /�∞ )�0 with �∞ , �0 and
� denoting Rydberg energy, electron rest mass and the scattering time, respectively. In principle, smaller � results in
larger , i.e. a larger fraction of surviving electrons from
the scattering process. Given the laser penetration depth at
a certain wavelength, the decrease of � corresponds to the
increase of the efective distance between collision events
leading to a higher probability of the electrons being transported to the cathode surface. Additionally, the term � is
proportional to the relectivity coeicient (�) of the cathode which depends on the drive laser wavelength [9]. The
calculation of the scattering time is based on [7] and will not
be discussed in detail. For near-threshold PE, the cathode
QE can be further reduced to
QE [Φef (�⟂ , �)] =

�

[1 + �� /Φef (�⟂ , �)]

2

,

(3)

where the form factor � = �/(1 + �) with � described
in Eq. (2) and the term Φef represents the efective cathode work function for describing the probability of electron escape from the cathode surface by overcoming the
surface barrier potentials, Φef = Φ0 ± Φschottky . The terms
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COHERENT VS INCOHERENT EFFECTS AND DEBYE LENGTH
G. Franchetti, GSI, Darmstadt, Germany

Abstract

micro-plane at z is

For some class of studies, the space charge is treated
as frozen, allowing to capture the dynamics of incoherent
phenomena. We explore the possibility that a beam may
exhibit non-resonant coherent behavior by developing and
studying a one-dimensional model.

INTRODUCTION

The issue of whether space charge eﬀects in a ring can be
modeled by a frozen space charge or not becomes, in term
of the dynamics, the issue of whether the behavior of the
beam in a high-intensity beam is coherent or incoherent. In
neutral plasmas, this property is incorporated into the Debye
length of λD . If a test particle is placed into a neutral plasma
having a temperature T and equal positive ion and electron
densities n, the excess electric potential set up by an extra
charge is eﬀectively screened oﬀ in a distance λD by charge
redistribution in the plasma. This eﬀect is called “Debye
shielding” and λD = ṽ/ω where ṽ is the thermal velocity

 1/2
is the plasma freof the particles and ω = q2 n/(m0 )
quency. For a particle beam of size a stored in an accelerator
Ref. [1] says that if λD  a the screening will be ineﬀective
and single particle behavior will dominate, while if λD  a
the collective eﬀects due to the beam self-ﬁelds will play an
important role. However, a particle beam in an accelerator
is formed by particles with the same charge state. Therefore
how the Debye mechanism comes to play it is not so evident.
To clarify what happens, we construct a simpliﬁed model
and explore the dynamics.

A ONE DIMENSIONAL MODEL

In order to investigate the role of the Debye length in a
particle beam stored in an accelerator, we construct a simple
one-dimensional model. We consider a region of space with
a focusing electric ﬁeld Ez = −K z along the z axis that does
not depends on the transverse x and y coordinates. In order
to simplify the dynamics, we assume that the particles of
charge q and mass m are frozen in planes. Therefore, instead
of discussing the dynamics of micro-particles we study the
motion of micro-planes. One micro-plane has position z,
velocity z, is normal to the z axis, and has uniform particle
surface density n p .
The force on a charged particle is Fz = qEz , being Ez the
composition of the electric ﬁelds along z created by all microplanes and the focusing ﬁeld. The electric ﬁeld Ez (z, z ) created at z by the micro-plane located at z  is readily obtained
from Gauss law as Ez (z, z ) = sign(z − z )qn p /(20 ), with
0 the vacuum permettivity. As all particles in a micro-plane
are subject to the same force, the equation of motion of the

WEPTS014
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np
d2 z
= −qK z + q2
sign(z − z ).
(1)
20
dt 2
We note two features of this model: 1) the motion of microplanes is not subject to “collision”. In fact, when z = z  there
is a discontinuity in the electric ﬁeld, but not a divergence.
Therefore for a large number of micro-planes, this eﬀect may
be made arbitrarily small. 2) the acceleration of one plane
due to the Coulomb ﬁeld exerted by another micro-plane
does not vanish with the distance. This eﬀect is understood
from the inﬁnite extension of the micro-planes. This model
makes stronger the coherent response of this system as any
plane feels equally the forces of all the micro-planes present
into the system.
A continuous beam is formed by many micro-planes, say
N0 , with density distribution function ρ N (z) = ΔN(z)/Δz,
where ΔN(z) is the number of micro-planes in [z, z + Δz].
From Eq. (1) it is straightforward that the Coulomb force on
a micro-plane located
at z is proportional to −N+ (z) + N− (z),
∫z
where N− (z) = −∞ ρ N (z )dz  is the number of micro-planes
with z  < z. Mutatis mutandi for N+ (z). As N0 = N+ (z) +
N− (z) the equation of motion of one plane reads
m

np
d2 z
= −k z0 z + q2
[2N− (z) − N0 ].
(2)
2
2m0
dt
where in analogy to the beam dynamics in accelerators we
deﬁne k z0 = (q/m)K.
This equation allows computing the evolution of the distribution of micro-planes when their phase space distribution
is known. The dynamical coordinates of one micro-plane
are (z, z), and a distribution of micro-planes is identiﬁed by
a distribution function f (z, z). For brevity of language we
use the term “particle” instead using “micro-plane”. As for
2D beams, a special role is played by a stationary particle
distribution. This special class of particle distributions has
the property that f (z, z) does not change in time. This happens naturally if all forces acting on one particle are linear in
z and if the particle distribution is a function of the invariant
z = γz z 2 + βz z2 , being βz , γz the optical functions of the
system (in the time
 domain). This means that the particle
distribution is f Ezz , with Ez is the beam phase space emittance. The linearity of the forces requires N− (z) ∝ z, which
is possible only if

∫
z
(3)
d z = ρ N (z) = constant.
f
Ez
for any z inside the distribution. The function f () satisfying
Eq. (3) can be constructed with a “slice by slice” procedure
with the result shown in Fig. 1a. The markers show the numerical ﬁndings and the red curve is a ﬁt. This particle distribution is also modeled with an acceptable approximation,
by transforming the bi-normal distribution (ξ, φ) according
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SYNCHRONOUS MEASUREMENTS OF ELECTRON BUNCHES UNDER
THE INFLUENCE OF THE MICROBUNCHING INSTABILITY
M. Brosi∗ , T. Boltz, E. Bründermann, S. Funkner, B. Kehrer, M. J. Nasse, G. Niehues,
M. M. Patil, P. Schönfeldt† , P. Schreiber, J. L. Steinmann and A.-S. Müller,
Karlsruhe Institute of Technology, Karlsruhe, Germany
Abstract

The KIT storage ring KARA (Karlsruhe Research Accelerator) provides a short-bunch operation mode with a reduced
momentum compaction factor to achieve bunch lengths in
the order of picoseconds [1, 2]. At this operation mode
the microbunching instability can be observed. This longitudinal instability occurs due to the self-interaction of the
electron bunch with its own coherent synchrotron radiation
(CSR). The shorter the bunch the higher the frequencies up
to which CSR is emitted and the stronger the effect of the microbunching instability. The behavior of the bunch under the
influence of the instability changes depending on different
parameters such as bunch current, momentum compaction
factor, and RF voltage [3, 4].

model was proven to fit quite well to the experimental results
at KARA [4].
The overlap of the form factor with the impedance in frequency domain causes an additional wake potential and with
this a deformation of the bunch [5]. At low currents this
manifests in an asymmetric longitudinal bunch profile (given
by the Haissinski solution [6]). The deformation leads to
even higher frequency components in the form factor and
therefore an even stronger additional wake potential. This
self-interaction will increase and result in stronger deformations the higher the bunch current becomes.
At a certain current value the instability threshold is
reached and the deformations form finger-like substructures
on the charge distribution in the longitudinal phase space,
now also affecting the energy distribution. At this point the
bunch profile is not constant anymore, as the substructures
rotate with the distribution in the phase space. These fast
changes in the longitudinal profile lead directly to changes
in the emitted CSR spectrum and therefore fluctuations in
the emitted CSR power [7].
For even higher currents an additional slowly repeating
behavior can be observed. The self-interaction leads to a
growth of the substructures, which after some synchrotron
periods, are being washed out by diffusion and filamentation.
This results in an increased bunch size and therefore a lower
wake potential. At this point, the radiation damping outweighs the driving wake potential, the substructures dissolve
and the overall bunch length is damped down to the point,
where the wake potential increases and leads again to the
formation of substructures.
To simulate the influence of the instability on the bunch,
the Vlasov-Fokker-Planck solver Inovesa [8, 9], was developed at KIT. For each time step, the simulation calculates the
wake potential from the CSR impedance and the longitudinal
bunch profile. The resulting kick is applied to the charge distribution in phase space altering the distribution for the next
step. As the simulation operates in phase space, it provides
direct insight into the dynamics under the instability.

BEAM DYNAMICS

MEASUREMENT

In general the microbunching instability results in substructures in the longitudinal phase space. These arise as
soon as the bunch is short enough so that its form factor
has a significant overlap with the involved impedances. As
simplified model of the CSR impedance, the parallel plates

From the experimental side, a direct measurement of the
longitudinal phase space distribution is not feasible. Therefore, the projection on the time as well as the projection on
the energy axis are measured. Additionally, the emitted CSR
power is measured, which is directly connected to the bunch
profile and the CSR impedance. The experimental setups
present at KARA allow for on-turn synchronized observation
as demonstrated in [10, 11].

The microbunching instability is a longitudinal collective instability which occurs for short electron bunches in
a storage ring above a certain threshold current. The instability leads to a charge modulation in the longitudinal
phase space. The resulting substructures on the longitudinal
bunch profile vary over time and lead to fluctuations in the
emitted power of coherent synchrotron radiation (CSR). To
study the underlying longitudinal dynamics on a turn-byturn basis, the KIT storage ring KARA (Karlsruhe Research
Accelerator) provides a wide variety of diagnostic systems.
By synchronizing the single-shot electro-optical spectral decoding setup (longitudinal profile), the bunch-by-bunch THz
detection systems (THz power) and the horizontal bunch
size measurement setup (energy spread), three important
properties of the bunch during this instability can be measured at every turn for long time scales. This allows a deep
insight into the dynamics of the bunch under the influence of
the microbunching instability. This contribution will discuss
effects like the connection between the emitted CSR power
and the deformations in the longitudinal bunch profile on
the time scale of the instability.

INTRODUCTION

∗
†

miriam.brosi@kit.edu
now at DLR-VE, Oldenburg, Germany

MC5: Beam Dynamics and EM Fields
D06 Coherent and Incoherent Instabilities - Measurements and Countermeasures

WEPTS015
3119

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS016

LONGITUDINAL BEAM MANIPULATION BY RF PHASE MODULATION
AT THE KARLSRUHE RESEARCH ACCELERATOR
A. Mochihashi∗ , E. Blomley, T. Boltz, E. Huttel, B. Kehrer,
A.-S. Müller, M. Schuh, Karlsruhe Institute of Technology , Karlsruhe, Germany
D. Teytelman, Dimtel, Inc., San Jose, USA
Table 1: Machine Parameters of KARA 2.5 GeV

Abstract
In electron storage rings, it is possible to manipulate the
stored beams longitudinally by applying a phase modulation
to the accelerating RF voltage. By choosing a proper modulation frequency, the electron bunch can be lengthened and
the Touschek beam lifetime can be improved accordingly.
To understand the effect of such modulations on the beam
from the beam dynamics point of view, we have performed
simulations for the beams under the RF phase modulation.
The simulations were conducted for the Karlsruhe Research
Accelerator (KARA) storage ring. In KARA, we have installed the function of the RF phase modulation into the low
level RF system. The experimental results of the phase modulation indicate the agreement with the simulation results.

Parameters
RF frequency
Harmonic number
Circumference
RF Voltage
Synchrotron frequency
Number of RF sectors
Number of cavities per 1 sector
Momentum compaction factor
Natural energy spread

Values

Units

499.72
184
110.38
1.4
30.89
2
2
8.67×10−3
9.08×10−4

MHz
m
MV
kHz

In the RF phase modulation scheme, the modulation frequency is normally chosen as a harmonic of the synchrotron
frequency. For example, the quadrupole oscillation on the
longitudinal phase space can be excited if the modulation frequency is settled as the second harmonic of the synchrotron
frequency, and the bunch length can be increased because of
the quadrupole oscillation mode. Several preceding studies
for the phase modulation have been reported so far. Sakanaka
et al. [1] reported that the RF phase modulation improved the
beam lifetime and suppressed the longitudinal coupled bunch
instability in KEK Photon Factory. In the reference [1], they
also discussed the beam loading effect which can change
the effect on the phase modulation on the beam. Abreu et
al. [2] discussed a theoretical model for the phase modulation and Landau damping effect which is accompanied by
the modulation effect. In the reference [2], they also discussed the change in the longitudinal Hamiltonian due to the
modulation frequency. By considering the results in these
preceding studies, we mainly investigated the dependence
of the bunch lengthening on the modulation frequency and
the beam loading.

To consider the beam loading which occurs inside the RF
cavities, we have included the beam-cavity interaction for
each cavity. In the simulation, we have used the measured
values of the quality factors and the shunt impedances for
each cavity, and to include the beam loading effect we have
applied a similar method as discussed in [1]. In the calculation of the beam loading, we have treated the transient beam
loading effect which depends on the bunch filling pattern.
In the following simulation results, we have used the bunch
filling pattern which is similar to the normal multibunch
operation at KARA; the filling pattern with 3 bunch trains
and 4 vacant-gap trains. The beam loading effect depends on
the tuning condition of the cavity, therefore we have settled
and kept the tuning condition of all cavities under the optimum tuning; that is, the loading angles of all cavities have
been always kept at zero. We have prepared 10000 macroparticles for 1 bunch and settled them on the longitudinal
phase space with the equilibrium distribution initially. The
tracking calculations have taken place for twice the longitudinal damping time period. In the simulation, we have mainly
3 tuning knobs to change the condition of the modulation;
the modulation frequency, the modulation amplitude and
the beam current. In the following sections, we discuss the
simulation results when we changed these parameters.

SIMULATION

MODULATION FREQUENCY

To consider the effect of the phase modulation on the
beam, we have performed simulations based on the macroparticle tracking method. In the simulation, we have assumed the machine parameters of the KARA storage ring at
2.5 GeV. Table 1 shows the machine parameters used in the
simulations.

We have swept the modulation frequency, which is around
the second harmonic of the synchrotron frequency fs of single particle, and analyzed the dependence of the rms bunch
length on the modulation frequency. In the longitudinal
phase space the bunch follows the quadrupole oscillation
mode due to the 2 fs modulation and the bunch length oscillates accordingly. We have estimated the effective rms bunch
length by taking the time-average of the bunch length oscil-

RF PHASE MODULATION

∗

akira.mochihashi@kit.edu

MC5: Beam Dynamics and EM Fields
D09 Emittance Manipulation, Bunch Compression and Cooling

WEPTS016
3123

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS017

SYNCHROTRON RADIATION MODULE IN OCELOT TOOLKIT
S. Tomin†, G. Geloni, The European XFEL, Schenefeld, Germany
Abstract

SR SOLVER

Synchrotron radiation (SR) sources based on single-pass
accelerators (e.g. linacs, plasma accelerators) have to cope
with electron beams with a rather complicated phase space
distribution. In this case, the convolution method usually
employed to calculate radiation properties can give poor
accuracy or be not applicable at all. Moreover, dynamical
effects can also play a role in the emission mechanism. This
happens when the beam parameters (e.g. beam current) significantly change during the passage through the undulator.
In this work, we present a dedicated SR module of the OCELOT toolkit [1,2], which is well suited to deal with these
situations.

INTRODUCTION
Recently, light sources based on single-pass accelerators
have become widespread (FEL, THz sources). In contrast
with storage ring based light sources, single-pass based
sources have better electron-beam slice quality, but a more
complicated phase space, e.g. correlated energy spread
(chirp), non-gaussian current profile, etc, which impact on
radiation generation. Furthermore, magnetic systems used
for generating radiation might be rather complicated, including segmented undulators with focusing elements in
between, or combinations of undulator and a dipole magnets. This complexity leads in turn to non-trivial calculation issues, when it comes to the determination of SR properties. Other calculation issues arise from dynamical
changes of the electron beam properties during the process
of radiation generation. For example, dynamical effects
can take place in the case of insertion devices with large Kvalue, when the electron beam is chirped in energy [3], or
when quantum fluctuations and energy losses in long undulators need to be accounted for. In the most general case,
a Monte-Carlo method can be used to overcome these issues.
The multiphysics simulation toolkit OCELOT focuses,
in the first place, on the analysis of electron beam properties pertaining to the generation of radiation by Free-Electron Lasers (FELs). OCELOT adequately describes the
beam dynamics, including collective effects [1,2,4] and is
able to perform FEL simulations interfacing with open FEL
code Genesis [5].
The OCELOT SR module is capable of calculating spectrum and spatial distribution of spontaneous radiation from
a single electron in a magnetic field defined by file data
(field on an insertion device axis or 2D map in the plane of
the electron motion) or using standard elements as Undulator with arbitrary defined period, length and 𝐾. It has
shown good agreement with experiments, see e.g. [6].
In this work we focus on new capabilities of the OCELOT SR module.
___________________________________________
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The OCELOT SR module consists of two independent
blocks. One is a trajectory solver based on Runge-Kutta integrator. The trajectory solver is part of the beam dynamics
module and can be used for the beam tracking through arbitrary magnetic fields. The second block is a SR solver.
The SR solver has been developed based on [7,8]. The
electric field of the radiation observed at the point 𝑥⃗ =
𝑥, 𝑦, 𝑧 and time 𝜏 is (in Gaussian units):
𝑛⃗ × (𝑛⃗ − 𝛽⃗(𝑡) × 𝛽⃗(𝑡))
𝑒
𝐸⃗ (𝜏, 𝑥⃗) =
𝑐|𝑥⃗ − 𝑟⃗(𝑡)|
(1 − 𝑛⃗𝛽⃗(𝑡))
𝑒
𝑛⃗ − 𝛽⃗(𝑡)
+
𝛾 |𝑥⃗ − 𝑟⃗(𝑡)| (1 − 𝑛⃗𝛽⃗(𝑡))
⃗

where 𝑛⃗ = | ⃗

⃗( )
⃗( )|

is the unit vector pointing from the

particle to the observer, 𝑒 is the electron charge, 𝛽⃗ is the
normalized velocity vector, 𝜏(𝑡) = 𝑡 + |𝑥⃗ − 𝑟⃗(𝑡)| , 𝑡 is
the emission time.
The SR solver works in the frequency domain and the
Fourier transformed electric field is
𝐸⃗ (𝜔, 𝑥⃗) =
exp(𝑖 𝜔 𝜏) 𝐸⃗ (𝜏, 𝑥⃗)𝑑𝜏
Remembering the important relation between the increment of the time 𝜏 at the observer and time 𝑡 of emission
𝑑𝜏 = 1 − 𝑛⃗𝛽⃗(𝑡) 𝑑𝑡
we get
𝐸⃗ (𝜔, 𝑥⃗) =
exp 𝑖 𝜔 𝜏(𝑡) 𝐸⃗ (𝑡, 𝑥⃗) (1 − 𝑛⃗𝛽⃗(𝑡))𝑑𝑡
To integrate the last expression numerically we make
transformation 𝑡 → 𝑧 to use the longitudinal coordinate as
evolution variable. Both trajectory and SR solvers are implemented in Python. The code architecture includes the
possibility of parallelization with mpi4py [9].

SIMULATION RESULTS
Dynamical Effects on Coherent THz Radiation
Coherent emission occurs when ultra-relativistic electron bunches are shorter than the wavelength of the emitted
radiation. In this case, the different electron contributions
to the emitted field sum up in phase and the output intensity
scales as the square number of electrons in the bunch. Linear accelerators can produce electron bunches with a length
of order of tens of m, which corresponds to the THz
range. Therefore, such accelerator based THz sources can
produce very bright light due to coherent emission.
An electron bunch at the entrance of a THz undulator
setup has typically an energy chirp, because of the necessity to compress it in magnetic chicanes. Then, the chirped
electron bunch evolves passing through a highly dispersive
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EXPERIMENTAL OBSERVATION OF LOW-ORDER COLLECTIVE
OSCILLATION MODES IN A STRONG-FOCUSING LATTICE*
K. Ito†, T. Kurauchi, H. Higaki, H. Okamoto
AdSM , Hiroshima University, Higashi-Hiroshima, Japan

Abstract

In a conventional linear Paul trap (LPT), four electrode
rods are placed symmetrically around the trap axis to
generate a radio-frequency (rf) quadrupole field for transverse ion confinement. The periodic nature of the external
focusing potential can give rise to serious ion losses under
a specific condition. The loss mechanism is essentially the
same as the coherent betatron resonance well-known in
intense beam dynamics [1,2]. In fact, the collective motion of an ion plasma in the LPT is shown equivalent to
that of a charged-particle beam traveling through an alternating-gradient (AG) focusing lattice.
In the present study, we perform the direct measurement of low-order coherent oscillation modes in the LPT
by detecting image currents induced on the electrodes’
surfaces. The four-rod structure of the LPT allows us to
pick up weak signals from the dipole and quadrupole
oscillations of a plasma bunch. These signals are Fourier
analyzed to evaluate the coherent oscillation tune at different initial ion densities. The measured tune of the
quadrupole mode is used to deduce the tune depression as
a function of ion number stored in the LPT.

INTRODUCTION

Because of the long-range Coulomb interaction, the
main body of a charged-particle beam, in other words the
beam core in phase space, exhibits a complex collective
feature. The motions of individual particles cannot be
independent but have correlation with others especially
when the beam is dense. The core motion can be expressed as the superposition of many collective modes
whose oscillation frequencies depend on the density of
the core. The stability of the whole beam will seriously be
affected when the tune of a low-order collective oscillation mode comes close to that of a Fourier harmonic in
the periodic driving potential. According to the work of
Sacherer [3], the coherent resonance instability of the
mth-order mode occurs under the condition
(1)
m(ν 0 − Cm Δν ) = n,

observe). The coherent phase-shift factor Cm is thought to
be a complicated function of several parameters including
the beam ellipticity, the degree of tune split, etc [4,5].
Okamoto and Yokoya later demonstrated the possibility
of the coherent parametric resonance expected under the
condition [6]
n′
(2)
Ω m ≡ m(ν 0 − Cm Δν ) = ,
2
where Δν is the root-mean-squared (rms) tune shift
uniquely determined for any distribution functions in
phase space, and n′ is an integer. Equation (2) includes
Eq. (1) as a special case. The factor 1/2 on the right-hand
side leads to a two-fold increase of the density of resonances in the betatron tune diagram, which is crucial in
the design consideration of a high-intensity hadron machine. Recent numerical studies have suggested that the
Cm-factor can simply be regarded as a constant over the
whole tune space [2,7].
The coherent tune Wm determines the locations of resonance bands in the tune diagram and their parameter dependence. The detailed information of Wm is thus most
valuable. The direct observation of a collective oscillation
mode is, however, very difficult in a large-scale accelerator. We here employ a compact LPT that provides, in a
local tabletop environment, a many-body Coulomb system physically equivalent to a relativistic charged-particle
beam [8]. The coherent tunes of the dipole (m = 1) and
quadrupole (m = 2) modes are measured by picking up
weak image-current signals from the LPT electrodes.

EXPERIMENTAL SETUP
The ion species used for the LPT-based experiment at
Hiroshima University is mostly 40Ar+ that can readily be
produced from neutral Ar gas atoms by applying a lowenergy electron beam from a compact e-gun. The mass
and charge state of stored particles in the LPT are not
essential to the present study. The initial plasma density

where n0 is the bare tune, i.e., the betatron tune at zero
beam intensity determined solely by the AG lattice, Cm a
m-dependent constant, Dn the incoherent tune shift induced by the Coulomb repulsion among particles, and n
an integer. The size of Dn can uniquely be given in Sacherer’s theory adopting the uniform-density model in
which no incoherent tune spread exists (while, in a general non-uniform beam, Dn depends on which particle we
____________________________________________
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Figure 1: Schematic drawing of the LPT electrodes
(cross-sectional view) together with the perturbation
driver and image current detector.
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ACCUMULATING LASER-COOLABLE IONS IN A LINEAR PAUL TRAP
FOR ULTRAHIGH-DENSITY BEAM DYNAMICS EXPERIMENT*
K. Ito†, T. Masuda, H. Higaki, H. Okamoto, AdSM, Hiroshima University, Higashi-Hiroshima 7398530, Japan

Abstract
An ion plasma confined in a linear Paul trap (LPT) exhibits the dynamic behavior physically equivalent to that
of a charged-particle beam in an alternating-gradient
(AG) transport channel. The Simulator of Particle Orbit
Dynamics (S-POD) is a compact apparatus designed on
the basis of this fact for diverse beam-physics experiments. We have so far employed Ar+ ions that can readily
be produced from neutral Ar gas atoms through the electron bombardment process. A space-charge-induced tune
shift of up to about 20% of the bare tune can be achieved
in Ar+ plasmas.
We are now preparing for future S-POD experiment to
explore even higher beam-density regions. For this purpose, a large number of Ca+ ions need to be stored in the
LPT. Since S-POD is equipped with a powerful laser
cooler for Ca+, the use of this ion species vastly expands
the density range we can survey. The production of an
intense bunch of Ca+ ions is, however, not so easy because of some technical reasons. By optimizing the operating condition of a multi-sectioned LPT, we succeeded in
increasing the number of accumulated Ca+ ions to the
level comparable to Ar+ ion plasmas. This paper reports
on updated results of the experiment.

INTRODUCTION

S-POD is the unique experimental system developed at
Hiroshima University for Laboratory Accelerator Physics
[1,2]. It produces, within a very compact LPT, a bunch of
charged particles that possesses approximately the same
physical properties as a relativistic beam propagating
through an AG focusing channel [3,4]. Experimental
studies of various beam-dynamics issues can, therefore,
be conducted in a local tabletop environment, without the
use of large-scale machines. In most S-POD experiments
so far [5,6], non-neutral plasmas of 40Ar+ ions have been
employed considering the simplicity of the plasma generation process. The initial plasma density is controlled by
changing the number of stored ions, which limits the
attainable tune depression to the range above around 0.8.
In S-POD experiment, the species of trapped ions does
not play an essential role from the viewpoint of spacecharge dynamics. The mass and charge state are nothing
but scaling parameters in the basic equations of motion
[3,4]. It is possible to expand the available range of tune
depression  by using 40Ca+ ions instead of 40Ar+ because
the Doppler laser cooling technique can be applied to the
former ion species [7,8]. The Doppler limiting temperature is extremely low, typically in the milli-Kelvin range,
___________________________________________
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which means that even the ultimate low-emittance state
corresponding to   0 can be reached with this advanced
cooling technique. In addition, the laser-induced fluorescence (LIF) diagnostics is usable for high-precision profile measurement and even to probe the ion distribution in
phase space. Note also that 40Ca+ has the mass number
identical to 40Ar+. The whole system (the LPT, power
sources, etc.) designed for 40Ar+ ion confinement works
for 40Ca+ plasmas as well.
Ca is, however, solid at room temperature unlike Ar.
We thus need an atomic oven to vaporize a piece of Ca.
Vaporized atoms are ionized by a low-energy electron
beam from an e-gun. It is preferable to separate the experiment section in the LPT from the section of ion production where a lot of neutral Ca gas atoms exist as a possible error source. (See the schematic drawing in Fig. 1.)
The Ca-vapor jet from the oven may even contaminate the
surfaces of the quadrupole electrodes, giving rise to weak
distortion of the ion confinement potential in the LPT
aperture. A relatively complex procedure is required to
accumulate a large number of Ca+ ions sufficient for
beam-dynamics experiments.

ION ACCUMULATION SCHEME
All LPTs designed and constructed for S-POD experiment are the “multi-sectioned” type; namely, they are
axially divided into several quadrupole sections electrically isolated from each other, so that we can apply different
DC bias voltages to those sections to form a variety of
potential wells [1]. Figure 1 shows a typical potential-well
profile and the side view of the LPT employed for the
present study. This LPT consists of five sections referred
to as the Ion Source (IS), the Gate (GT), the Experiment
Region (ER), and two End Caps. We add a particularly
large DC bias onto the End Caps to prevent ions from
escaping axially. The bias on the Gate section is set suffi-

Figure 1: Schematic view of the linear Paul trap (side
view) and a possible potential-well profile along the trap
axis (z-axis) for the accumulation of Ca+ ions.
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DEVELOPMENT OF 6D PARTICLE TRACKING CODE FOR PARTICLE
THERAPY SYSTEM
Y. Nakashina†, K. Miyata, Hitachi Research Laboratory, Hitachi, Japan

Abstract

ୢఘ

For achieving required specifications of a particle therapy system such as beam profile and beam current, it is important to tune system operation parameters to appropriate
values before commissioning. We are developing 6d particle tracking code to analyze whole the through beam motion in a synchrotron from multiturn injection to the RFknock out extraction for the precise tuning. The code includes effects of multipole magnetic fields and space
charge effect. We report on the implementation of the code
and discuss about the simulation results.

INTRODUCTION

Hitachi has developed particle therapy system [1,2,3].
The system consists of various components such as bending magnets, quadrupole magnets, sextupole magnets, RF
acceleration cavities, and so on. It is important for
achieving required specifications of a particle therapy system such as beam profile and beam current to tune the operation parameters of components to appropriate values before a beam commissioning. It leads to reduce the period
of the commissioning. Therefore, we have designed the
concept of a code for the precise tuning. The characteristic
of the code is that it analyze whole the through beam motion in a synchrotron from the injection to the extraction in
6d (transverse and longitudinal) phase space. The code includes effects of multipole magnetic fields and space
charge effect. Here, we describe the implementation of
code and present the result of tracking in synchrotron with
multipole magnetic field and beam acceleration.

IMPLEMENTATION OF CODE

6D Particle Tracking

Developed code is specialized for analyzing beam motion in a synchrotron. The code solves macro particle motion in transverse phase space and longitudinal phase space
under operation patterns of components. Operation patterns consists of magnetic rigidity of bending magnet ߩܤ,
time derivative of magnetic rigidity ߩܤȀݐ, frequency of
RF acceleration ݂୰ and peak voltage of RF cavity ܸ . Their
values depend on time in the calculation ݐ. Flowchart of the
code is shown in Figure 1. When a tracking calculation begins, parameters such as time step ߂ݐ and synchronous
phase ߶ୱ are calculated based on operation patterns of a
synchrotron at every turn. ߂ݐ and ߶ୱ are calculated by
Eq.(1) and Eq.(2) respectively. ݄ is harmonic number
and ܥis circumstance of synchrotron.
߂ݐ  ൌ ݄Ȁ݂୰ .
(1)



 ߶ୱ ൌ ܥȀܸ

(2)
ୢ௧
Every time macro particles pass each optical component
section ( ܮrepresents total number of sections), routine of
the transverse tracking and the space-charge effect are
called. After calculation of transverse motion, longitudinal
one is called. The space charge calculation routine is also
called here to calculate the influence on longitudinal motion. Above calculation steps are repeated and turn number
݊ is incremented until it reaches the number of total turns
ܰ୲୳୰୬ . In this paper, we discuss about the implementation
and result of transverse and longitudinal tracking with multipole field and acceleration.

Figure 1: Flowchart of developed code.

Transverse Tracking
Transverse tracking routine mainly consist of two parts.
One is linear tracking calculation by transfer matrix and
applied to liner optics such as drift space and quadrupole
magnets. Each macro particle motion in 6d phase space are
update by transfer matrix (Eq.(3)). Transfer matrix ܯ is
6ൈ6 transfer matrix [4] at each section indexed by ݈.
ݔ
ݔ
ݔᇱ
ݔᇱ
ۊݕۇ
ۊݕۇ
 ൌ ܯ  ݕۈᇱ  ۋ.
(3)
 ݕۈᇱ ۋ
ݏ
ݏ
 ۉɁ ی୬ୣ୵
 ۉɁ ی୭୪ୢ
Another is nonlinear tracking calculation by thin lens approximation and applied to multipole magnets and bending
magnets that has nonlinear components in a fringing field.
Nonlinear components are expressed by ݇ . The definition
of ݇ is below.
݇  ൌ െ

ଵ డ 

ఘ ப௫ 

.

(4)
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STABILITY TUNE DIAGRAM OF A HIGH-INTENSITY HADRON RING*
H. Okamoto†, Y. Tokashiki, K. Kojima, AdSM, Hiroshima University,
Higashi-Hiroshima 739-8530, Japan
Abstract

( x , y ) of the particles forming a particular beam cover a

To date, the optimum operating point of a high-intensity
hadron ring has been determined on the basis of the conventional incoherent picture. It is generally chosen in the
tune diagram such that the so-called “incoherent tune
spread” of a stored beam does not overlap with low-order
“single-particle resonance” lines. We here propose a new
approach to construct the stability tune diagram on the basis of the self-consistent coherent picture. The betatron resonance condition recently conjectured from one-dimensional Vlasov predictions is employed for this purpose. The
proposed general rule for the stability-chart construction is
very simple and free from any model-dependent unobservables like space-charge-depressed incoherent tunes. As an
example, we apply the present rule to the lattice of the rapid
cycling synchrotron at J-PARC and explain why the operating bare tunes of this machine should be chosen slightly
below 6.5 in both transverse directions.

finite area in the tune diagram, which is called the incoherent tune spread. As schematically illustrated in Fig. 1, we
are required to choose the machine operating point P in the
tune diagram such that the tune-spread area does not cross
nearby low-order single-particle resonance lines predicted
by Eq. (1). This type of stability chart has been often employed in the community to explain space-charge-induced
beam loss in a high-intensity hadron machine or to decide
the optimum operating point. The instability of the beam
core in phase space is, however, expected to grow collectively rather than in an incoherent way, considering the
reachable distance of the Coulomb interaction. In the present paper, we propose an alternative approach for the construction of a stability map in the betatron tune space, taking the collective nature of the core dynamics into account.

INTRODUCTION
Resonance is inevitable in modern particle accelerators
composed of a periodic array of identical alternating-gradient (AG) beam focusing lattices. The machine operating
point has to be put sufficiently away from dangerous loworder resonance lines along which serious emittance
growth and resultant beam loss may occur. The classical
single-particle resonance condition given by Courant and
Snyder can be written as
k 0x  ℓ  0 y  n,
(1)
where ( 0x , 0 y ) are the horizontal and vertical bare betatron tunes per lattice period or around the ring, and (k, ℓ , n)
are integers [1]. The driving term of this resonance is proportional to x |k| y |ℓ | whose order is | k |  | ℓ | ( m) .
Equation (1) has to be modified in high-intensity hadron
machines and cooler storage rings where the space-charge
interaction plays an important role. The natural repulsive
force weakens the artificial focusing force from quadrupole
magnets, leading to the reduction of effective betatron
tunes down to  x (  0 x ) and  y (  0 y ) in both transverse
directions. The magnitudes of the tune reduction,  0x   x
(  x ) and  0 y   y (  y ) , are referred to as incoherent

tune shifts. The so-called incoherent resonance condition
is obtained by simply replacing the bare tunes in Eq. (1) by
the space-charge-depressed tunes, namely,
k x  ℓ  y  n.
(2)
The incoherent tune shifts take different values depending on which particle we observe. The effective tunes
___________________________________________
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Figure 1: Conventional tune diagram based on the concept
of incoherent tune spread.

COHERENT RESONANCES
Conventional Conditions
The first pioneering work on coherent resonances of a
dense beam core was done by F. J. Sacherer who mathematically solved the one-dimensional (1D) Vlasov-Poisson
equations using the uniform-density model [2]. Under the
smooth approximation, he derived the resonance condition
(3)
m( 0  Cmh  )  n,
where 0 represents a transverse bare tune (either 0x or
0y),  is the space-charge-induced tune shift in the corresponding direction, and Cmh is a constant factor with two
indices representing the azimuthal (m) and radial (h) mode
numbers. The Sacherer’s analytic theory was extended by
R. L. Gluckstern to a coasting round beam, i.e., the case
where  0 x   0 y [3].
I. Hofmann et al. later proposed a two-dimensional (2D)
coherent resonance condition, adding a correction term to
Eq. (2):
k x  ℓ  y    n,
(4)

MC5: Beam Dynamics and EM Fields
D07 High Intensity Circular Machines Space Charge, Halos

WEPTS022
3141

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS023

HAMILTONIAN FORMALISM OF INTENSE BEAMS
IN DRIFT-TUBE LINEAR ACCELERATORS*
H. Okamoto† , AdSM, Hiroshima University, Higashi-Hiroshima, Japan
Abstract
Starting from the principle of least action, we construct
a general Hamiltonian formalism for beam dynamics in
drift-tube linear accelerators (DTLs). The Alvarez-type
structure is considered as an example, but the present theory can readily be extended to other types of conventional
linacs. The three-dimensional Hamiltonian derived here includes the third-order chromatic term as well as the effects
from acceleration and space charge. A clear dynamical
analogy between the DTL system and compact Paul iontrap system is pointed out, which suggests that we can conduct a fundamental design study of high-intensity hadron
linacs experimentally in a local tabletop environment instead of relying on large-scale machines.

hand, the scalar potential originates only from the spacecharge field; namely, φ = φsc .

ELECTROMAGNETIC POTENTIALS
Let us consider the regular DTL structure whose periodic
length is 2ℓ c . Assuming the axisymmetric TM mode for
particle acceleration, we obtain the following vector potential components from the Maxwell equations:
1 ∞
nπ z
Az(rf ) = − ∑ an I 0 (kn r)cos
sin ω t,
(4a)
ℓc
ω n=0

Aθ(rf ) = 0,

(4b)

(1)

1 ∞ nπ an
nπ z
∑
I (k r)sin
sin ω t, (4c)
ℓc
ω n=0 kn ℓ c 1 n
where In is the modified Bessel function of order n,
ω = 2π c / λ with l being the rf wavelength, an is the nth

where Lt is the Lagrangian using time t as the independent
variable. The spatial position of a charged particle traveling
in the DTL can be specified by the vector u = z + xex + ye y

When the velocity of the synchronous particle is bsc, we
have ℓ c = β s λ for the Alvarez-type DTL and ℓ c = β s λ / 2

Ar(rf ) = −

LAGRANGIAN
The starting point is the principle of least action
δ ∫ Lt dt = 0

whose z-derivative is u′ = ez + x ′ex + y ′e y . Here, the prime
stands for differentiation with respect to z. (ex , e y , ez ) are
the unit vectors toward the transverse x-y and longitudinal
z directions, perpendicular to each other. In beam dynamics,
it is most convenient to take the longitudinal coordinate z,
instead of t, as the independent variable. The Lagrangian
of a relativistic charged particle moving under the influence of electromagnetic fields can then be given by
dt
Lz ≡ Lt
= −mc (ct ′ )2 − u′ ⋅ u′ + q(A ⋅ u′ − φt ′ ), (2)
dz
where m and q are the mass and charge state of the particle,
c is the speed of light, and (f, A) are the scalar and vector
potentials that satisfy the Maxwell equations. Making use
of the cylindrical coordinates, we have
2

2

Lz = −mc (ct ′ ) − 1− ( r ′ ) − (rθ ′ )

2

(3)

+ q( Ar r ′ + Aθ rθ ′ + Az − φt ′ ),
where A = ( Ar , Aθ , Az ) . The total vector potential is the
sum of the contributions from the radio-frequency (rf) accelerating field (A(rf)), the transverse focusing field by
quadrupole magnets (A(mag)), and the space-charge field
(A(sc)); namely, A = A(rf ) + A(mag) + A(sc) . On the other

2
2
2
Fourier coefficient, and kn = (2π / λ ) [(nλ / 2ℓ c ) − 1] .

for the Wideröe-type DTL. The following discussion focuses on the Alvarez-type structure, but the extension of
the present formalism to other types of DTLs is straightforward. In order to give an approximate expression of the
Fourier coefficients, we assume that the axial electric field
exists only within every accelerating gap of width g and is
uniform at the aperture radius r0. Writing the axial field in
each gap as Ez (r = r0 , z) = E0 ℓ c / g where E0 is constant,
we obtain

a0 =
an =

E0
,
I 0 (k0 r0 )

(5a)

2E0 sin(nπ g / 2ℓ c )
⋅
for n = 2,4,6," (5b)
nπ g / 2ℓ c
I 0 (kn r0 )

and an = 0 for odd harmonic numbers [1]. In the Alvarez
DTL, the forward traveling wave of n = 2 is used for beam
acceleration. The contribution from other traveling waves
of different phase velocities can be ignored, which enables
us to simplify the vector potential as
⎛ 2π z
⎞
ET
Az(rf ) = 0 I 0 (kr)sin ⎜
− ωt⎟ ,
(6a)
ω
⎝ ℓc
⎠

Ar(rf ) = −

⎞
⎛ 2π z
2π E0T
I1 (kr)cos ⎜
− ωt⎟ ,
ω kℓ c
⎠
⎝ ℓc

(6b)

where T = sin(π g / β s λ ) / (π g / β s λ ) / I 0 (kr0 ) , and k ≡ k2
________________________________________

* Work supported in part by JSPS KAKENHI Grant Number 18H03472.
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= 2π / β sγ s λ with γ s = 1/ 1− β s2 .
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TUNE SHIFTS AND OPTICS MODULATIONS IN THE HIGH INTENSITY
OPERATION AT J-PARC MR
T. Yasui∗ , The University of Tokyo, Tokyo, Japan
S. Igarashi, Y. Sato, K. Satou, K. Ohmi, T. Koseki1 , KEK, Tsukuba, Japan
1 also at The University of Tokyo, Tokyo, Japan

Abstract

The space-charge eﬀect to the tune shift was measured
at the injection process of the Main Ring of Japan Proton
Accelerator Research Complex. It was evaluated by measuring the quadrupole oscillations at the mismatched injection.
The results were reproduced by the space-charge tracking
simulations. The incoherent tune shift and the modulation
of the betatron function by the space-charge were simulated
for the benchmark of the simulator. The results were in good
agreement with the analytical calculations. For the beam
intensity of the neutrino user operation, the betatron function
can be modulated 20% at low action.

INTRODUCTION

In the Main Ring (MR) of Japan Proton Accelerator Reserch Complex (J-PARC) [1], the high intensity proton beam
is made for the neutrino experiments and the nuclear experiments. The proton beam is injected in MR with 3.3 × 1013
protons per bunch (ppb) [2]. It is extracted with 2.6 × 1014
protons per pulse (ppp) and about 1.5% of the beam loss is
observed in the neutrino operation [2]. Eﬀorts have been
made for beam loss reduction. One of the reasons for the
beam loss is the mismatch of the Twiss parameters at the
injection.
In this paper, we aimed at understanding the space-charge
eﬀects for the injection matching parameters, in order to obtain optimized Twiss matched parameters. First, the coherent
tune shifts were evaluated by measuring the quadrupole oscillations. The quadrupole oscillations reﬂect the space-charge
eﬀects and the dipole oscillations do not. The tune shifts
were calculated by obtaining the diﬀerences of the tunes
from the dipole oscillations and those of the quadrupole
oscillations. The results were reproduced by the simulations.
Second, the tunes and the Twiss parameters of the indivisual
particles in the beam were evaluated by the simulations and
by the analytical calculations. The tunes and the Twiss parameters of the individual particles depend on their actions
because they feel the space-charge forces and the sextupole
ﬁelds forces.

MEASUREMENT OF COHERENT TUNE
SHIFT BY QUADRUPOLE-MODE
OSCILLATIONS
Principles
The decimal parts of the betatron tune νdi is same with the
frequency of the dipole oscillation fdi . On the other hand,
∗
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Figure 1: The beam center positions (left) and beam sizes
(right) per turn. The plots are the data from the IPMs and
the red lines are the ﬁts for them.
the frequency of the quadrupole oscillation also depends
on the betatron tune. The betatron tune can be written as
νquad = (1 − fquad )/2 by aliasing. It was observed that
νdi was slightly diﬀerent from νquad in J-PARC MR. It is
interpreted that νquad reﬂected the space-charge eﬀects and
νdi did not, because the space-charge force was internal force.
In this paper, the tune shift is deﬁned as Δν ≡ νdi − νquad .

Methods
The center positions and the sizes of the beams were
measured every turn by the proﬁle monitors. The proﬁle
monitors used in the experiments were Residual Gas Ionization Proﬁle Monitors (IPMs) [3] and Multi-Ribbon Proﬁle
Monitor (MRPM) [4].
IPMs collect ions or electrons derived from ionization
between beams and residual gas. In this measurements,
ions were used. The signals from the collected ions were
enhanced by the micro channel plate and the secondary electron current were measured to acquire the beam proﬁles.
There are two IPMs in MR, for horizontal proﬁles and for
vertical ones.
The MRPM in MR is made of thin ribbons lined up at
equal intervals. It collects electrons emitted from the surfaces of ribbons when the beams hit them, and measures
the secondary electron current. The ribbons for the horizontal proﬁles are graphite with 3.0 mm width and 3 μm
thick. Those for the vertical proﬁles are titanium with 1.5
mm width and 1 μm thick. The pitches of ribbons are 4.5
mm in horizontal direction and 2.5 mm in vertical direction.
The measurements by IPMs and those by MRPM were
performed individualy. The horizontal and vertical betatron
tunes were (νx , νy ) = (21.35, 21.43) which were same with
the neutrino user operation. The single bunch beams were
used and their intensities were changed from 0.6 × 1012 ppb
to 4.8 × 1012 ppb. The chromaticities were adjusted around
-3 to -7 taking care of the beam instability.
The injection errors and the mismatch in Twiss parameters were intentionally made to measure the both oscilla-

MC5: Beam Dynamics and EM Fields
D07 High Intensity Circular Machines Space Charge, Halos

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS025

MINISCATTER, A SIMPLE GEANT4 WRAPPER
K. N. Sjobak1 , H. Holmestad, University of Oslo, Oslo, Norway
1 Also at CERN, Geneva, Switzerland

Abstract

In order to estimate what happens to particle beams when
they hit windows, gas, and various other targets, a simple tool
has been developed based on Geant4. This tool wraps geometry setup, primary beam generation from Twiss parameters,
visualization, and automatic analysis and plots in a simpleto-use command-line tool. Furthermore, a Jupyter-friendly
Python interface for running simulations and parallelized
parameter scans is included. The code, its interface, and a
few selected examples will be presented.

INTRODUCTION

MiniScatter is an easy-to-use tool for running Geant4 [1–
3] simulations for relatively simple geometries, consisting
of scattering targets, detectors, and magnets lined up behind
each other. As it is primarily intended for users at particle
accelerator facilities, beam distributions are described using Twiss parameters for generation and analysis. Energy
depositions and energy deposition densities, particle types,
phase-space distributions, raw hits etc. can be extracted from
the ROOT [4] output, which makes it easy to postprocess.
The program itself is controlled via command-line arguments, through which geometry-, target-, field-, beam-, and
analysis parameters can be set. Additionally, a Python wrapper is included, which works well with Jupyter [5]. This
provides a flexible interface to run the program and interact with the output, as well as scanning parameters. Such
scans can also be done in parallel, utilizing all local CPUs
to quickly collect simulation data on the influence of e.g.
initial beam distribution, material properties, magnetic field
strengths etc.
The initial motivation for writing MiniScatter was the
need to estimate the effect of a thin foil on a particle beam
in the GRACE beamline at AEgIS [6], and later in front of
the plasma lens [7, 8] at CLEAR [9, 10]. In the GRACE
beamline thin foils were used to reduce the energy of the
antiproton beam in order to do detector tests, while for the
plasma lens a thin polymer window is used to exclude the
gas spillage around the plasma lens from the upstream accelerator vacuum. In both cases it was essential to know
the effect of these foils on the downstream particle beam
distribution. Another use-case is the design of a plasma
lens positron source, which requires the selection of target
thicknesses and evaluation of the transport of mixed-species
beams through magnetic fields and narrow apertures. Finally,
it has also been used to demonstrate the dose deposition distribution when stopping the beam in targets, especially water,
visualizing the impact of different shielding geometries, etc..
In all these cases, having this tool available meant that
quick evaluations of the effect of materials could be done, as
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well as the effect of the target- and beam parameters. This
tool, has been released on GitHub [11] under the GPLv3
license [12].

IMPLEMENTATION
The code of MiniScatter is organized like a typical Geant4 application, with a DetectorConstruction,
PhysicsList, PrimaryGeneratorAction, and more.
Each of these classes are responsible for different parts of
the simulation, such as setting up the geometry, defining the
physics models used in the simulation, generating the initial
particle distribution, and collecting data and writing it to file.
The top-level main routine is responsible for collecting the
user input (command-line arguments), setting up the Geant4
framework, reading macro files, and launching the GUI. If a
number of events is requested, it will start the run1 .

Geometry and “Magnet Classes”
The geometry is defined by the DetectorConstruction
class, where it is built up of a target volume, a tracking
“detector”, and one or more “magnets”.
The target volume is made of a user-selectable material
and thickness. It is always positioned at z = 0, unless the
thickness is set to zero, in which case the target volume is not
created. Any material known to Geant4 (NIST materials), or
gasses of variable pressure, can be used. The target volume
is sensitive, collecting data on energy deposits and particle
exit positions.
The tracking detector is a very thin volume where the
material is set to be the same as in the general all-containing
mother volume so that it does not influence the particles,
but simply register their position, momentum, and type as
they enter the volume. The detector is placed an adjustable
distance behind the target.
Finally, one or more “magnets” may be used. These are
called “magnets” because they can contain a magnetic field,
however in general they are simply elements with a more
complex geometry that can be placed anywhere along the
z-axis, as long as they are not overlapping with each other
or with the target2 . The position and properties of these
elements are specified using command line switches.
1

2

Terminology: Run – A collection of one or more events. There is typically one run per launch of MiniScatter. Event – The simulation
of one initial particle, from generation until all secondaries have been
absorbed or have exited the simulation domain. Step – Each particle
is transported through the geometry in steps, each step being affected
by physics processes selected through Monte Carlo samples based on
the current material, particle and beam properties, as well as transport
processes and deflection in electromagnetic fields.
As the naming of “magnets” are confusing given that they are currently
just general elements, the name may change in the future. Also in the
future, the target may be redefined as just another general element.
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GENERALISED SCATTERING MODULE IN SIXTRACK 5
K. N. Sjobak1 , University of Oslo, Oslo, Norway
V. K. Berglyd Olsen∗ , H. Burkhardt, R. De Maria, CERN, Geneva, Switzerland
1 also at CERN, Geneva, Switzerland

Abstract

The SixTrack Input File

A generalised scattering module has recently been added
to SixTrack. This module enables the use of arbitrary generators and target profiles. Presently, a simple model of
elastic scattering and a coupling to Pythia8 have been implemented. This makes it possible to use SixTrack for studies of
aperture losses and beam lifetime as a result of beam–beam
scattering.

The general configuration of SixTrack simulations is described in the user manual [13], but briefly, each module
of SixTrack is configured through a separate section of a
text input file. Each such section, referred to as a “block”, is
started by a module-specific keyword. The block is closed
by the keyword NEXT.
The Scatter Module in SixTrack is configured through the
SCATTER input block in the main SixTrack input file, and by
adding special elements in the lattice description file. An
example of the Scatter Module blocks in the main input file
is shown in Figure 1.

INTRODUCTION

The SixTrack code [1, 2] is an important tool for predicting the dynamic aperture, distribution of particle losses, and
tracking the evolution of the particle distribution during dynamic behaviour of the machine [3, 4]. It is used for these
purposes for the Large Hadron Collider (LHC) [5], the High
Luminosity LHC (HL–LHC) [6], Future Circular Collider
for hadrons (FCC–hh) [7], and other machines. Typically,
the main physics of interest is the symplectic tracking of
particles through the applied magnetic fields, including nonlinear terms as well as RF– and beam–beam fields. However,
these electromagnetic fields are not the only effects seen by
the particles. They can also be scattered by collimators and
apertures [8], beam–gas [9–11], and by the counter-rotating
beam at the interaction points (IPs). The modelling of beam–
beam scattering at the IPs is a new feature described in this
paper.

SCATTER MODULE

While some of the collisions at the IPs are hard processes
that lead to an immediate loss of the colliding pair, some of
the collisions are softer elastic (no energy loss, or production
of new particles) or diffractive collisions (with energy loss,
and the possibility of loss of primary particle or production
of secondary particles). Scattered particles may stay in the
machine, and within the aperture, after a scattering event,
but with a larger amplitude.
The effect on the beam distribution is in part determined
by the optics at the IPs, where this effect is more important.
This is especially the case for high-β∗ optics [12], as the
initial angular distribution of the beam particles at the IPs
are then narrower compared to standard collision optics.
In order to simulate these processes, as well as be able
to expand to cover more cases in the future, the Scatter
Module in SixTrack is designed to be a flexible framework
for implementing additional processes and event generators.
Currently, two models have been implemented and are described here: a fit to experimental data, and a coupling to
the Pythia event generator.
∗
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PYTHIA------------------------------------------------------LOSSES
SPECIES PROTON PROTON
ENERGY 7000000 7000000
SEED 41
PROCESS SINGLEDIFFRACTIVE
NEXT
SCATTER-----------------------------------------------------SEED 42
GEN sc_elas PPBEAMELASTIC 0.046 18.52 4.601 2.647 0.2 30.0
GEN sc_pyth PYTHIASIMPLE 12.0
PRO ipFLAT FLAT 3e25 938.0 7000000
ELEM ip1_sc ipFLAT auto 1.0 sc_elas
ELEM ip5_sc ipFLAT auto 1.0 sc_pyth
NEXT

Figure 1: Example of the PYTHIA and SCATTER blocks in a
SixTrack input file [13].
The special elements injected into the lattice description
file must be of type number 40, and all other parameters
are set to 0. When the tracking code encounters an element
of this type, the Scatter Module is called, and the events
of the scattering processes requested in the configuration
block are generated and applied to the tracked particles. The
scatter elements are zero-length, and can therefore be placed
at the same location as any other thin element in the lattice.
Typically, one would want to put such an element in the
interaction points.

Scatter Configuration
The configuration of the Scatter Module consists of three
main keywords.
The event generator, keyword GEN, takes a name and a
generator algorithm plus its parameters, and a cross-section.
Currently, SixTrack provides an internal Monte Carlo event
generator that will sample a fit to data taken by TOTEM [14,
15]. Alternatively, SixTrack can integrate with Pythia8, and
use its SoftQCD event generator. The details of these implementations are covered in the next sections.
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TRANSVERSE-LONGITUDINAL COUPLING FOR HARMONIC
GENERATION AND BUNCH LENGTH MANIPULATION
Xiujie Deng∗ , Yao Zhang, Alex Chao1 , Wenhui Huang, Chuanxiang Tang,
Tsinghua University, Beijing, China
1 also at SLAC, Menlo Park, USA

Abstract

A general harmonic generation and bunch length manipulation scheme using transverse-longitudinal coupling is
presented. The method makes use of the freedom in projecting the three beam eigen-emittances into different physical
dimensions. A realization of this coupling lattice, a PEHG
variant, is given as an example. For the purpose of harmonic generation and bunch compression, this method is
advantageous when the transverse emittance is small. The
combination with sawtooth waveform modulation is proposed to boost the bunching further. Transverse-longitudinal
coupling in storage rings are briefly discussed.

Harmonic generation methods have the advantages to
improve the longitudinal coherence of FEL radiation and
shorten the radiator length while bunch length manipulations are useful in some applications of light sources and
colliders. Some of the principles they implement apply to
both. In this paper we present a general mechanism of harmonic generation and bunch length manipulation by using
transverse-longitudinal coupling. The scheme makes use of
the freedom in projecting the three beam eigen-emittances
into different physical dimensions though their value can not
be changed in a linear symplectic lattice [1].

HARMONIC GENERATION

HGHG
A representative harmonic generation scenario is HGHG
[2]. Bunching factor formula of HGHG is
bn,HGHG = Jn (nDAσδ )e

(1)

m
where A = ∆γ
σδ is the modulation depth, n is the harmonic
number, D = 2πR56 /λm with R56 the dispersive strength of
the chicane, and Jn is the Bessel function of the order n.
Bessel function term in Eq. 1 originates from the sine
waveform modulation while the Gaussian term from energy
spread. So naturally there are two main directions to enhance
the bunching factor of high harmonics: one is to broaden
the linear zone of modulation waveform for example the
sawtooth modulation proposed in [3, 4] to eliminate the Jn
term and the other is to mitigate the influence of energy
spread to make the Gaussian term decrease slower. One
example of the second approach is PEHG [5, 6] and the
mechanism it invokes is transverse-longitudinal coupling. It

∗

dxj11@tsinghua.org.cn

WEPTS028
3160

PEHG
The realization of a PEHG unit can be divided into four
key functions:
• a dispersion generation (R16 = ηx ) device for example
a dogleg to correlate x and δ;
• a laser modulator to introduce energy chirp (R65 = h)
to correlate δ and z;
• a dispersive section (R56 ) for longitudinal phase space
rotation to correlate z and δ;

INTRODUCTION

−n2 D 2 σδ2 /2

can be anticipated that even better bunching can be obtained
by combining both approaches.

• a phase-merging unit (R51 = m) to correlate z and x.
The physical principle of PEHG is easy to understand by
observing the longitudinal phase space evolution, which is
shown in the lower part of Fig. 1. In the phase space plots of
Fig. 1, different colors of the particles means different transverse positions which reflects the transverse-longitudinal
coupling introduced by the horizontal dispersion ηx .
Now we simplify the analysis by treating harmonic generation as a bunch compression of particles close to the
zero-crossing phase. We linearize the sine modulation and
the longitudinal coordinate z of a particle after traversing
the whole unit is then
z f = mx + (1 + hR56 )ηx x ′ + (1 + hR56 )z + (R56 + mηx )δ (2)
For HGHG, ηx = m = 0, the optimized bunch compression
condition is (note the optimized condition for sine waveform
microbunching is slightly different)
1 + hR56 = 0

(3)

and the final bunch length is
σz,HGHG = |R56 |σδ =

σδ
|h|

(4)

While for PEHG, it becomes
1 + hR56 = 0
R56 + mηx = 0

(5)

And the final bunch length is
σx
(6)
|hηx |
MC5: Beam Dynamics and EM Fields
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THE SYNCHRONIZATION BETWEEN BPMS AND CORRECTOR POWER
SUPPLIES IN AC MODE OF RCS OF CSNS
Li Mingtao†,An Yuwen, Xu Shouyan, Wang Sheng, China Spallation Neutron Source (CSNS),
Institute of High Energy Physics, Chinese Academy of Sciences, Dongguan, China.

Abstract
This paper introduces our effort for synchronizing BPMs
and Corrector Power Supplies in AC mode of RCS of
CSNS. This work helps to increase the accuracy of the response matrix measurement, the obit correction, and other
commissioning task.

INTRODUCTION

The diagram of Chinese Spallation of Neutron Source
(CSNS) is shown in Figure 1. The accelerator is mainly
composed of a 80Mev Linac and a Rapid Cycling Synchrotron (RCS) [1] which accelerates the proton beam from 80
MeV to 1.6GeV in 20 Ms. In this boosting process, the proton beam transfers over the RCS about 20000 turns.

not synchronized. This would ruin the obit-correction, response matrix measurement, and so on.
Because of lack of room for hardware improvement of
beam diagnostics system and power supply system to eliminate the asynchronization problem, the improvement of
beam commissioning software would be the only feasible
solution.
In our former works [1, 2], two different methods have
been adopted or proposed to solve the asynchronization
problem. During the beam commissioning process of increasing the beam power from 20kW to 50 kW in last year,
these two methods seemed not as satisfying as expected.
The first one performed poor in the horizontal orbit correction that reached ±7 mm level at last. Then the second one
was tested. The indefinite variable in the anti-interpolation
process can be chosen arbitrarily, which induces non-convergent corrector power supplies’ setting value. This divergence is unaccepted for the power supply system. Another
solution is then proposed.

SOLUTION FOR SYNCHRONIZING
BPMS AND CORRECTOR POWER
SUPPLIES

Figure 1: Layout of Chinese Spallation of neutron Source
(CSNS).

Because of the hardware designing, there is an asynchronization problem between BPMs and Corrector Supplies in RCS. This problem was unanticipated in the physics design stage. In the beam instruments designing, the 32
BPMs in RCS can only make COD measurement in every
2N (N=7, 8, 9, 10) turns. Otherwise, each one of the 34 corrector power supplies in RCS have a 21 bit Register, which
results in an unfortunate fact that each power supply has 21
setpoints during the boosting process in one period. Based
on the design, these setpoints are set into the corrector with
1ms interval. In the injection time, the 80 MeV protons
transfer over the RCS with a 1.95ms period. In the boosting
process, this cycling period asymptotically decrease
to0.818ms at the extraction time. This fact naturally leads
to that the intervals between the timestamps of the BPM’s
COD data are all different. In the AC mode of RCS, the
BPMs COD data and corrector supplies setting values are
___________________________________________
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The motivation of developing the so-called anti-interpolation method is to increase the accuracy of response matrix measurement and to promote the orbit correction of
RCS. The anti-interpolation process is actually solving Diophantine equations. The redundant variables result in infinite solutions of the equations. In this case, the gradient
of the anti-interpolation is the only redundant variable. As
expected in our study, this gradient could be chosen arbitrarily, but in fact, the arbitrarily chosen gradient in the beginning leads to terrible increasing divergence of setting
values of the corrector power supplies from beginning to
end of the lattice. This divergence would exceed the strict
thresholds of the power supply system. In principle，exhaustive method could be adopted to select the gradient.
Finally, a group of solutions would satisfy the restrictions
of power supply system, but this process is tedious and
could not be implanted into EPICS or the orbit correction
software in XAL. This method is inconvenient.
The key-point of the pick-up method is to find the nearest BPM COD data to integer ms. Thus, there are large or
small err between the timestamp of the COD data and the
integer ms.
Based on the pick-up method, at any time, the bunch position can be calculated as the interpolation of the BPM
COD datas with timestamps before/after the time. First the
timestamps of all the 39 BPM COD data are deduced out
from theoretical calculation.
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THE BEAM DYNAMICS DESIGN OF THE PROTON SYNCHROTRON LINEAR INJECTOR FOR PROTON THERAPY*
J. Qiao1, Y.H. Pu†, X.C. Xie
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
1
also at University of Chinese Academy of Sciences, Beijing 100049, China
Abstract
A compact room-temperature injector is designed to accelerate 20 mA proton beam from 30 keV to 7.0 MeV for
the purpose of Proton Synchrotron Linear Injector for Proton Therapy. The main feature of this linac injector is that
the 4-vane Radio Frequency Quadrupole (RFQ) and the
Drift Tube Linac (DTL) section are matched by one triplet
and powered by one RF power source. The beam is
matched from the first RFQ section to the second DTL section in traverse and longitudinal directions. The overall accelerating gradient of this design has reached up to 1.6
MV/m with transmission efficiency of 96%. This injector
combines a 3 m long 4-vane RFQ from 30 keV to 3.0 MeV
with a 0.8 m long H-type DTL section to 7.0 MeV. In general, the design meets the requirements of the Proton Synchrotron and the Terminal treatment.

INTRODUCTION
Proton accelerator gradually becomes the focus of treatment due to the characteristics of protons with certain energy in cancer treatment [1]. In order to reduce costs and
widely promote this application, a compact synchronousbased linear injector was designed and investigated. This
linac mainly consists of an ECR proton source, a low energy beam transport, a 3.0 MeV Radio Frequency Quadrupole (RFQ), a simplified MEBT and a 7.0 MeV Drift Tube
Linac (DTL). The specific composition layout of this injector is shown in Fig. 1. In this paper, the design results of
RFQ and DTL are mainly presented.

length, a fast-bunching strategy was used by replace the
shaper section and slow ramping section with a fast ramping section and the input energy was set to 30 keV, which
also helps reduce power consumption and extraction high
voltage of proton source. At the same time, 325 MHz was
chosen to reduce the R&D difficulties of RF equipment.
The constant inter-vane voltage 75 kV is chosen to simplify
the design and decrease the power loss by PARMTEQM
v3.05 [3].
Table 1: Design Parameters of RFQ
Parameters
Ion type
RF frequency (MHz)
Maximum duty factor (%)
Input beam energy (keV)
Output beam energy (MeV)
Peak current (mA)
Transmission efficiency (%)
Trans. Input norm. rms. Emit.
(mm mrad)
Trans. Output norm. rms. Emit.
(mm mrad)
Max. surface electric field lim.
(MV/m)
Modulation coefficient
Vane length (cm)
Synchronous phase (degree)

Value
Proton
325
0.1
30.0
3.0
20.0
98.0
0.2
0.205
30.6
1.0~2.5
301
-90 ~ -25

Figure 1: The specific design scheme of this injector.

RFQ DESIGN
The beam dynamics design was based on the traditional
design strategy [2]. The RFQ beam dynamics design parameters are as Table 1. In order to shorten the cavity
___________________________________________

* Work supported by the Proton linear injector projector of Ministry of
science and technology of China.
† puyuehu@sinap.ac.cn

Figure 2: The physical design result of the 325 MHz RFQ.
The physical design result of the 325 MHz RFQ is shown
in Table 1 and Fig. 2, in which V is the inter-vane voltage,
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A HIGH-PERFORMANCE CODE FOR BEAM DYNAMICS SIMULATION
OF SYNCHROTRONS
H. J. Yao1,2,3,†, G. R. Li1,2,3, Q. Zhang1,2,3, S. X. Zheng1,2,3, X. L. Guan1,2,3, X. W. Wang1,2,3,
P. F. Ma1,2,3
1
Key Laboratory of Particle & Radiation Imaging (Tsinghua University), Ministry of Education,
Beijing, China
2
Laboratory for Advanced Radiation Sources and Application, Tsinghua University, Beijing, China
3
Department of Engineering Physics, Tsinghua University, Beijing, China

Abstract

This paper introduces a high-performance code Li-track
for beam dynamics simulation of synchrotrons. It is a parallel multi-particle tracking program written entirely in
C++ and therefore has a high computational speed. The
overall design of Li-track is based on object-oriented
mode, and the implemented element model can be easily
reused to build different synchrotron lattice. The symplectic integral algorithm is used to ensure there are no physical
errors in a long-term simulation. This code has been used
for the slow extraction simulation of XiPAF synchrotron
and the results will be given in this paper.

INTRODUCTION

In the field of radiation application, the beam is generally
expected to be quasi-continuous in time structure, which
requires the slow extraction technology to slowly extract
particles from a proton synchrotron. The spill length of
slow extraction is generally 0.1~10 s, which corresponds
to tens of thousands or even tens of millions of turns in the
ring. In order to achieve sufficient statistical accuracy, it is
generally necessary to simulate a beam bunch with tens of
thousands of particles. Therefore, the simulation is large in
scale and time-consuming. Traditional synchrotron design
program such as MAD [1] can facilitate the lattice design,
and carry out small-scale tracking calculations, but it is difficult to satisfy the simulation demand of slow extraction.
The dedicated multi-particle simulation program of circular accelerator, such as ORBIT [2], has powerful computing capacity, but does not provide the function of conveniently customizing elements, so it is difficult to realize the
transverse RF excitation element required for slow extraction.
In order to facilitate the research on the slow extraction
process of synchrotrons and other dynamics problems, we
develop a high-performance simulation code, Li-track.
This code is based on the concept of object-oriented design
and can easily extend various types of elements. In the following, we will introduce the simulation algorithm, program structure, and give some examples to verify the effectiveness and computational capacity of the program.

SIMULATION ALGORITHM
There are a variety of simulation algorithms that can
simulate particle motion in synchrotrons, such as transfer
matrix method, higher-order transfer matrix method [3],
Lie-algebraic method [4] used in MAD8 and various integral methods [5]. The advantage of the transfer matrix
method is that the calculation is simple, but it only considers the linear effect in motion. The high order transport matrix method makes up for the deficiency of the transfer matrix method, but its computational cost increases significantly. Meanwhile, this method is usually not symplectic.
In a long-term simulation, non-symplectic algorithm may
lead to the spontaneous increase or decrease of the emittance. The Lie-algebraic method can preserve the non-linear effect and symplecticity, but the complex mathematical
tools have to be applied on the implementation.
The method we use in Li-track code is symplectic integral algorithm [5, 6]. It has symplectic property and is relatively simple to implement. And the higher order integral
method [6] can also achieve higher calculation accuracy
and speed.
The motion of particles can be described with six-dimensional coordinates (x, px, y, py, t, pt), and we use the same
Hamiltonian as MAD8 to describe the motion of particles.
H=

† yaohongjuan@tsinghua.edu.cn
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1+

−𝑝

−𝑝

−

+

𝑉(𝑥, 𝑦; ℎ).

(1)

Where, V(x,y;h) denotes the magnetic potential; h is the
curvature of the element; h=0 for straight elements, such as
qudrupoles, sextupoles, etc., and h=1/r for dipoles, r is the
bending radius. The motion of particles can be obtained by
solving the following equations.
⃑

=−

⃑

,

⃑

=−

⃑

.

(2)

Where, 𝑥⃑ = (x, y, t) is the position coordinate and
𝑝⃑ = (𝑝 , 𝑝 , 𝑝 ) is the momentum coordinate. For the
straight elements, h=0, so the Hamiltonian can be split into
H1(px, py, pt), the component consisting only of momentum
coordinate, and H2(x, y, z), the component consisting only
of position coordinate. It can be proved that the following
integral algorithm is symplectic [6].
𝑥⃑

___________________________________________

− (1 + ℎ𝑥)

= 𝑥⃑ − s

(⃑ )
⃑

, 𝑝⃑

= 𝑝⃑ − s

(⃑
⃑

)

. (3)

The subscript n and n+1 are the identification before and
after the coordinates update, and s is the integral step. The
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GENERATION OF SUB-fs ELECTRON BEAMS AND ELECTRON BUNCH
TRAINS WITH HIGH FORM FACTOR USING WAKEFIELD
STRUCTURES
Zhichao Dong, Han Chen, Zheng Zhou, Xiujie Deng, Yingchao Du†,
Department of Engineering Physics, Tsinghua University, 100084 Beijing, China

Abstract
In this paper, we propose two beam manipulation methods with wakefield structures in a photo-injector. First, we
propose a simple scheme to compensate nonlinear effects
during ballistic bunching by using a wakefield structure.
Simulations have shown beams of 1 pC charge can be compressed to 1.56 fs rms, and even shorter beams (a few hundred attoseconds) can be obtained with bunch charge well
below 1 pC. In the second part, a method of producing
bunch trains with high form factor is proposed by using
multiple wakefield structures. Simulation results have
shown the production of a train with a form factor of 0.5
using a 1 nC beam at few-MeV energy.

INTRODUCTION

Wakefield structures have been extensively studied in recent years as phase space manipulators for their simplicity.
In this paper we explore two possible applications of wakefield structures. We consider specifically planar corrugated
metallic structures for their adjustability.
Figure 1 gives the geometry of a corrugated structure.
For a large aspect ratio w/2a, the short-range longitudinal
wake can be approximated as a single-frequency oscillation, with the Green function [1]
𝜋 𝑍 𝑐
(1)
𝑤 (𝑧) =
𝐻(𝑧) cos(𝑘𝑧) ,
16 𝜋𝑎
where 𝑍 is the impedance of free space, 𝑐 is the speed of
light, 𝐻(𝑧) is unit step function, and the effective wave
number 𝑘 = 𝑝/𝑎ℎ𝑔. The transverse quadrupole wake, on
the other hand, can be effectively cancelled with two corrugated structures orthogonally aligned [2].

Figure 1: Geometry of a corrugated wakefield structure.

PRODUCING ULTRASHORT BEAMS

Generation of ultrashort electron beams has been a
heated topic for its essential position in UED, FEL and advanced accelerator concepts. In the past two decades, velocity compression methods, including ballistic bunching
[3] and velocity bunching [4], have been proven successful
in low-energy electron beam compression. Nevertheless,

†

some effects during compression, such as space charge
force, RF curvature and nonlinear relation between energy
and velocity, impose a limit on the shortest obtainable
bunch length to the order of 10 fs, as is discussed in previous literatures [5].
In this study, we use ASTRA [6] to simulate the process
of ballistic bunching. Beamline layout is shown in figure
2. Electron beam is emitted from an S-band 1.6π photocathode gun, followed by wake structures. Then a 9-cell
buncher introduces a negative chirp required for the beam
to be ballistically bunched in the drift tube downstream.

Figure 2: Beamline layout in simulation.
It is firstly studied the impact of the initial bunch distribution on the final bunch length. To start with, for a cylindrical beam, longitudinal charge density should satisfy parabolic distribution in order to induce linear space charge
field. Secondly, for a 1-pC bunch it was found through parameter scanning that an initial length of 0.8 ps might be
appropriate, in that shorter bunches suffer greater space
charge effects, which leads to a rise in slice energy spread
and thus lower compression factor; and for longer bunches
stronger nonlinear effects are induced through rf-curvature
and mostly the nonlinear relation between energy and velocity, as
Δ𝛽 1 𝜕𝛽
1 𝜕 𝛽
=
Δ𝛾 +
Δ𝛾 + ⋯
𝛽
𝛽 𝜕𝛾
2𝛽 𝜕𝛾
1 1
1 2 − 3𝛾
(2)
=
Δ𝛾 +
Δ𝛾 + ⋯ .
𝛽 𝛽𝛾
2𝛽 𝛽 𝛾
Meanwhile transverse size needs to be reasonably small,
due mainly to nonlinear space charge effect. Longitudinal
space charge force within a slice varies for different radii,
thus contributing to an increase of slice energy spread.
Then an optimization algorithm is performed in search
Table 1: Main Parameters of the Simulation
Parameters
Bunch charge
Init. long. length
Init. trans. diameter
Emission phase
Buncher phase

Values
1.0 pC
0.78 ps rms, Parabolic
15.0 μm rms, 2D Gaussian
2.1 °
-88.8 °

dych@tsinghua.edu.cn
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DC BEAM SPACE-CHARGE MODELING FOR OPENXAL∗
B. E. Bolling† , N. Milas, European Spallation Source, Lund, Sweden
Abstract

Table 1: The Functional Λ for Symmetric Beam Proﬁles

Open XAL is an open source multi-purpose accelerator physics software platform based on a pure Java open
source development environment used for creating accelerator physics applications, scripts and services. Currently, the
software has been used with an ellipsoidal (bunched) beam
to account for space-charge eﬀects. Applications developed
so far for ESS, such as the Virtual Machine for the ESS Low
Energy Beam Transport (LEBT) section, would proﬁt from
a DC beam description. In this paper, the space-charge component for a continuous beam is derived taking into account
beams with diﬀerent transverse charge distributions (uniform, Gaussian, etc). The implementation in OpenXAL and
a comparison with other simulation codes is also presented.

Shape description:

INTRODUCTION
A continuous (DC) beam model was derived and implemented in OpenXAL followed by benchmarking. After the
benchmarking, a GUI was developed in JavaFX within which
the possibility to choose between a DC and a bunched beam
model for the beam simulation was implemented. The results of the physical model of the beam and the developed
GUI will be used in the ESS control room in the near future
during commissioning and operations.

THE DC BEAM
The Space Charge Eﬀect
The space charge eﬀect contributes to the transverse
expansion of low-energy beams but is negligible for
high-energy beams, as described in [1]. The space charge
component was re-derived using the same procedure as
described in [2, 3], such that it could be easily implemented
in OpenXAL.
Using K, a dimensionless variable referred to as the generalized beam perveance [2], the expressions for the space
charge eﬀect on the beam are [4]
2K
DDC ,
x0 (x0 + y0 )

(1)

1
2K
DDC
=
fsc,y
y0 (x0 + y0 )

(2)

1
fsc,x

=

with the form-factor DDC being purely numerical and depending only of the beam transverse distribution. The values
for four diﬀerent beam distribution proﬁles for a DC beam
are shown in Table 1. Those values match those calculated
in [3].
∗
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DDC (F)

F(s)

for s ≤ 1,
for s > 1.
2
Ce−s/2σ
2
Cse−s/2σ

C(1 − s) for s ≤ 1,
0
for s > 1.

Uniform
Gaussian
Hollow
Parabolic

C
0

1
0.977
0.987
0.996

In OpenXAL the space charge matrix kick, generalized
for a 2D format, over a step-size Δz can be written as
1

−1
Δz fsc,x
MSC, 2D (Δz) = 
 0
 0

0
1
0
0

0
0
1
−1
Δz fsc,y

0

0
.
0
1

(3)

Implementation
In order to implement the DC beam into OpenXAL, and
since the beam trajectory does not depend on linear space
charge eﬀects, the Java class in which the beam envelope is
calculated has to be modiﬁed. This class, in OpenXAL, is
called EnvelopeTrackerBase. It is, amongst all, responsible
for calculating the space charge kick over every element’s
slices. [5].
The function responsible for calculating the space charge
kick was modiﬁed in order to test if the beam calculated was
bunched or dc it eﬃcient and required minimal changes of
the core of the code, and is benchmarked in the next section.
It is possible now to set the DC beam ﬂag directly via the
input XML ﬁle was and also when the Tracker in called
within the program, setting useDCBeam as True.

BENCHMARK RESULTS
The DC beam model was benchmarked in a series of tests
with the beam transport code TraceWin [6] as reference in
order to conclude whether the implementation was correctly
done. In TraceWin, the simulated beam is referred to as a
CW (DC wave) which, in this case, is a DC beam. During
the benchmarking, the magnets are simulated using the same
lattice: Drift (1 m), magnet (0.5 m), and drift (1.0 m). The
1.0 m drift matrix is deﬁned as MD . Initial conditions of
the beam’s trajectory during the simulations ([mm] units
for the positions and [mrad] units for the angles) is deﬁned
in Table 2, the initial Twiss parameters in Table 3, the simulations’ magnet properties are deﬁned in Table 4 and the
kinetic energy of the particles is 74.7 keV.
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NEW RFQ AND FIELD MAP MODEL FOR THE ESS LINAC SIMULATOR
J. F. Esteban Müller∗ , E. Laface, European Spallation Source ERIC, Lund, Sweden
Abstract
The Java ESS Linac Simulator (JELS) is an extension of
the Open XAL online model that is a fundamental part of
the accelerator control system. The model is used by highlevel physics applications for commissioning, tuning, and
machine development activities at the European Spallation
Source (ESS).
This paper summarizes the upgrades done to JELS during
the last year. An RFQ model is under development. The RFQ
was the only element of the linac missing in the online model.
The electromagnetic field map model has been refactored
to ease implementation of new elements (rf cavities and
magnets), and to allow the superposition of more than one
field map and other elements. Further improvements have
also been done in the treatment of corrector magnets and
space charge for continuous beam in the Low-Energy Beam
Transport (LEBT). Finally, the machine description can now
include arbitrary aperture definitions.

a model based on the classical two-term potential function
(see e.g. [5]). We started from the simplest model because
we are concerned about the computation speed, since JELS
is mainly used in Open XAL as an online model.
In cylindrical coordinates, the two-term electric potential
function of an RFQ cell is
U(r, θ, z) =


V 
A0 r 2 cos(2θ) + A10 I0 (kr) cos(kr) , (1)
2

where A0 and A10 are constants defined by the cell geometry,
k = 2π/L, L is the cell length, and I0 is the modified Bessel
function of the first kind and order 0.
Figure 1 shows the results of our model compared to a
simulation run using TraceWin [6], a commercial multiparticle tracking and envelope code. Unfortunately, it is clear
that the accuracy of the model using the two-term potential
is not sufficient and a more precise model is needed.

INTRODUCTION
Open XAL is a framework to develop high-level physics
applications that was initially developed at SNS [1]. Later
it became open-source and a collaboration between several
laboratories started. ESS is part of the collaboration and
is participating actively in the development of the core and
applications [2].
Open XAL includes and online model that can be used
for fast simulations of the accelerator beam dynamics. At
ESS, we have extended the online model to match our requirements. This extended model is know as Java ESS Linac
Simulator (JELS). The main modifications include field map
integrators for rf cavities and magnets, a different transittime factor definition for rf cavities, a new model for bending
magnets, and some specific beam instrumentation.
This paper focus on some of the latest changes of the
model, including the improvement of the field map elements
and the addition of a simplified model of the RFQ.

RFQ
Our goal is to be able to perform end-to-end simulations
of the full ESS linac using JELS in Open XAL. In the past
we have been able to simulate all the way from the exit of
the RFQ to the target [3].
Thanks to the recent implementation of an algorithm to
compute space-charge effect for DC beams [4] and the magnetic field map model, we can now accurately simulate the
Low-Energy Beam Transport (LEBT) section of the ESS
linac.
The only section of the accelerator that is still missing in
our model is the RFQ. As a proof of concept, we developed
∗
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Figure 1: Horizontal beam size in the ESS RFQ simulated
using Open XAL (blue) and TraceWin (orange). Initial beam
kinetic energy 74.6 keV and no space charge.

Future Steps
We are planning to improve the RFQ model by using the
more accurate eight-term potential:

 2
 6
V
r
r
U(r, θ, z) =
A01
cos 2θ + A03
cos 6θ
2
r0
r0
+ A10 I0 (kr) cos k z + A30 I0 (3kr) cos 3k z
+ (A12 I4 (kr) cos k z + A32 I0 (3kr) cos 3k z) cos 4θ

(2)


+ (A21 I2 (2kr) cos 2θ + A23 I6 (2kr) cos 6θ) cos 2k z .
The calculation of the 8 coefficients requires to solve the
Laplace equation numerically and fit the coefficients. Since
this can be computationally expensive for an online model,
we plan to use an external program to precalculate the coefficients and reduce computation time.
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MOMENTUM SLIP-STACKING IN CERN SPS FOR THE ION BEAMS
T. Argyropoulos, T. Bohl, A. Lasheen, G. Papotti, D. Quartullo, E. Shaposhnikova,
CERN, Geneva, Switzerland

Abstract

The LHC Injectors Upgrade (LIU) project at CERN aims
at doubling the total intensity of the lead ion beam for the
High-Luminosity (HL) LHC. Achieving this goal requires
using momentum slip-stacking in the SPS, the LHC injector. Slip-stacking will be applied on an intermediate energy
plateau to interleave two batches, reducing the bunch spacing
from 100 ns to 50 ns and thus increasing the total number of
bunches injected into the LHC. Realistic macro-particle simulations, with the present SPS impedance model are used
to study and design this complicated beam manipulation.
Slip-stacking can be tested experimentally only after the upgrade of the SPS 200 MHz RF system, in 2021. Preliminary,
slip-stacking related beam measurements were performed at
the end of 2018. In this paper both macro-particle simulations and beam measurements are reported with emphasis
given on optimisation of the process, crucial to achieve the
required HL-LHC parameters (bunch lengths, beam losses).

INTRODUCTION

The LIU project at CERN [1] aims at doubling the total
intensity of the Pb-ion beam to match the requirements of
the HL-LHC project. In order to achieve that, momentum
slip-stacking (MSS) is planned to be used in the SPS in
2021 [2], the first year after the Long Shutdown 2 (LS2).
This technique is being used already in operation at Fermilab [3]. It permits two high-energy particle beams of
different momenta to slip azimuthally, relative to each other,
in the same beam pipe. The two beams are captured by
two RF systems with a small frequency difference between
them. Each beam is synchronized with one RF system and
it is perturbed by the other. The moment the two beams are
stacked one on top of the other, the full beam is recaptured
with a much higher RF voltage at the average RF frequency,
allowing to double the bunch intensity at the end of the
process.
A variant of this manipulation is considered in the SPS [1]:
the two batches are not stacked on top of each other, but
interleaved. In particular, two batches of 24 bunches, spaced
by 100 ns, are going to be interleaved on an intermediate
energy plateau to produce a single batch of 48 bunches with
half the bunch distance (50 ns). The process is schematically
illustrated in Fig. 1.
The MSS in the SPS is feasible thanks to the large bandwidth of the main 200 MHz RF system [4] (travelling-wave
cavities, TWC) and the undergoing power and low-level RF
(LLRF) upgrades [5, 6]. During LS2, each cavity will be
equipped with individual cavity and beam controllers, essential for the MSS. Therefore, since independent LLRF controls will be available only after 2021, longitudinal macro-
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Figure 1: Illustration of the MSS procedure as planned in
the SPS. The two batches, starting from Phase I, move in
longitudinal phase space relative to each other. The black
line marks ∆E = E-E0 = 0, where E0 is the design energy.
In Phase II the distance in energy ∆Eb between the batches
increases, while the opposite happens in Phase III. Recapture
is done in Phase IV.

particle simulations are the only way to verify the MSS
feasibility.
Realistic macro-particle simulations using the BLonD
code [7], including the detailed SPS longitudinal impedance
model and measured beam parameters, have been carried
out in 2018 in order to design and optimise the slip-stacking
process [8]. This paper summarizes the latest results of
this study, defining the operational slip stacking scenario for
2021. Furthermore, some preliminary (relevant to the MSS)
measurements of the LHC Pb-ion beam in the SPS, which
took place at the end of 2018, are presented.

IMPLEMENTATION SCENARIO
The LHC Pb82+ ion beams in the SPS are currently accelerated from 17 ZGeV/c (γ=7) to 450 ZGeV/c (γ=191). For
the available SPS optics configurations (Q20, Q26), transition energy is crossed early in the cycle (γ ∼ 20). Since a
constant magnetic field is required for the MSS manipulation, an intermediate energy plateau of ∼1 s was added at
300 ZGeV/c (γ=127) in the cycle, well above the transition
energy. This decision is supported by the fact that at the long
injection plateau (∼40 s), considerable beam degradation occurs, due to the relatively strong transverse space charge and
intra-beam scattering [9]. Furthermore, simplified scaling
laws show that all the relevant to slip-stacking parameters
favor higher energies [10]. On the other hand, at the top
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ENERGY DEPENDENCE OF THE REPRODUCIBILITY AND INJECTION
EFFICIENCY OF THE LINAC3-LEIR COMPLEX
S. Hirlaender∗ , H. Bartosik, G. Bellodi, N. Biancacci, V. Kain, A. Saa Hernandez, R. Scrivens
CERN, Geneva, Switzerland

Abstract

High intensities in the CERN Low Energy Ion Ring
(LEIR) are achieved by stacking several multi-turn injections from the pre-accelerator LINAC3. Up to seven consecutive 200 µs long, 200 ms spaced pulses are injected from
LINAC3 into LEIR. An inclined septum magnet combined
with a collapsing horizontal orbit bump allows a 6-D phase
space painting via a linearly ramped mean momentum along
the LINAC3 pulse and injection at high dispersion. The
injected energy distribution measured by the LEIR longitudinal Schottky is correlated with the obtained injection
efficiency in this paper. Studies in 2018 revealed that the
achievable accumulated intensity of LEIR strongly depends
on the longitudinal distribution from LINAC3, which does
not stay constant. This paper summarises the experimental
results and means to further improve reproducibility and
high injection efficiency.

INTRODUCTION

The injection process from LINAC3 into LEIR is complex
and consequently sensitive to small changes in the initial conditions. From LINAC3 a 200 µs long pulse, which is ramped
in energy, is transported through the transfer line to LEIR.
At injection into LEIR, the ramped pulse meets a collapsing horizontal orbit bump at a region of high dispersion of
10 m. The pulse is injected over 70 turns, and the collapsing
bump compensates the dispersive displacement due to the
energy swing along the pulse. Consequently, the incoming
pulse is not displaced while the already circulating beam is
removed from the injection region. After 200 ms the next
pulse is injected in the same manner, while the circulating
beam is cooled and dragged by the electron cooler longitudinally to free space for the next injection. This procedure is
repeated seven times, while the circulating beam gains intensity. The LEIR stacked multi-turn injection was found to be
very sensitive to changes in the energy distribution delivered
by LINAC3. Small energy changes lead to reduced injection
efficiency. The reduced accumulated intensity modifies the
cooling properties, which further reduces the stacked intensity. Detecting and correcting energy changes became hence
an important study topic for stabilising LEIR performance.
The paper presents methods to measure and correct
LINAC3 energy drifts parasitically. The presented insights
were gained and applied during the Pb ion run 2018 yielding
the best performance in LEIR’s history in terms of intensity
and reproducibility.
∗
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Figure 1: An overview of the LINAC3-LEIR Complex. The
ramping-debunching cavity is responsible for the energy
ramping of the 200 µs long pulse arriving at LEIR.

THE DIAGNOSTICS
The LEIR longitudinal Schottky system is used to measure
the beam momentum distribution [1]. The Schottky spectra
were treated in control room graphical user interfaces in
both JAVA and Python. Various key parameters can be
derived from the spectra. Examples are the injected mean
beam energy and distribution as well as cooling times and
dragging parameters. Data smoothing and averaging has
to be applied to obtain reliable measurements for these key
parameters. The design energy distribution is ramped in a
range of ±2h around 4.2 MeV u−1 [2].
The measurement of the initial distribution is further improvement by disabling electron cooling on the measurement cycle with one injection. This is also true for the pair
of ramping and debunching cavities at the end of LINAC3
(Fig. 1) whose purpose is to introduce the energy ramp along
the LINAC3 pulse. The ramping is set to a constant value,
typically the mean value of the operational ramp.

Zero-Crossing Constant Energy Distribution
The ramping and debunching cavities amplitudes and
phases determine the final convoluted energy distribution
and can be set up exploiting the longitudinal Schottky with
the measurement cycle as mentioned above. The zerocrossing point needs to be evaluated. It corresponds to the
phase settings where the beam is not accelerated. It is determined empirically in two steps. First, the point where
the energy swing changes sign is found by keeping the debunching cavity constant and varying the ramping cavity
phases, see Fig. 2. And then the phase between the ramping
and debunching cavity is optimised by minimizing the width
and the absolute value of the skewness of the distribution
Fig 3. This is done by changing the debunching phases and
keeping the ramping cavity at the zero-crossing settings.
For the nominal injection process, the ramped pulse finally is the convolution of the distributions at different mean
energies. An illustration is shown in Fig. 4. Thus if mean
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COUPLING AND SPACE CHARGE STUDIES AT THE CERN PSB
F. Asvesta∗1,2 , F. Antoniou1 , H. Bartosik1 , G. P. Di Giovanni1 , Y. Papaphilippou1
1 CERN, Geneva, Switzerland, 2 NTUA, Athens, Greece

Abstract

In the nominal optics of the CERN PS-Booster (PSB), the
fourth order coupling resonance is excited by space charge
(Montague resonance [1]) due to the same integer tune values. This resonance can be avoided by changing the tunes
to different integers. A new PSB optics is presented and
emittance measurements crossing the coupling resonance
for the nominal and the new optics are shown.

INTRODUCTION

suppressed in the tune space of uneven integers (Q4Q3) as
the corresponding RDT amplitudes are orders of magnitude
smaller.

LINEAR COUPLING CORRECTION
In order to study the space charge driven 4th order coupling
resonance excitation, the linear coupling, excited by skew
quadrupole components, should be corrected in both optics.
Figure 2 shows the RDTs for each available magnet family

RESONANCE DRIVING TERMS

The excitation of resonances can be studied using perturbation theory on the non-linear Hamiltonian of the accelerator ring [10]. For the perturbing potential coming from the
space charge force of a Gaussian beam [11], the Resonance
Driving Terms (RDT) of space charge driven resonances can
be analytically evaluated [7, 12]. Figure 1 shows the space
charge induced RDT for the 4th order coupling resonance in
the PSB [13]. The optics of the PSB lattice, needed for the
evaluation, have been calculated using MAD-X [14]. The
Montague resonance, namely 2Qh − 2Q v = 0, is strongly
excited in the equal integers tune space (Q4Q4), while it is
∗

Figure 1: 4th order RDT coming from the space charge
potential of Gaussian distributions for the PSB lattice. The
color code corresponds to the amplitude of the respective
driving term at each tune.
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Figure 2: Linear coupling RDTs, phase and amplitude, for
the available skew quadrupole magnet families in the PSB,
for the Q4Q4 (left) and Q4Q3 (right) optics.
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The PSB is the first ring of the CERN accelerator complex. It operates in a space charge dominated regime due to
the demand for high brightness beams in the Large Hadron
Collider (LHC) [2]. The space charge force leads to an
incoherent tune spread that depends on the energy, the intensity and the transverse and longitudinal parameters of
the beam [3]. In the PSB, this tune spread is in the order of
∆Q ≈ 0.5 for the LHC operational beams [4]. In the scope of
the LHC Injectors Upgrade (LIU) project, the PSB injection
energy will increase from 50 MeV to 160 MeV [5]. The new
injection energy will allow the acceleration of beams with
about twice the brightness while keeping the space charge
tune spread at similar values [6].
Space charge can drive systematic resonances of even
order [7], at first order approximation, if their harmonic
coincides with the machine periodicity, as observed in the
CERN Proton Synchrotron [8, 9]. The PSB has a periodicity
of 16 and operates in the tune regime of both tune integers
equal to 4 (Q4Q4 optics). Under these conditions, resonances of 4th order could be excited. In this paper, analytical
studies for those resonances are presented. Moreover, a different working point regime is studied in which the vertical
integer tune is equal to 3 (Q4Q3 optics). The response of the
operational (Q4Q4) and the new (Q4Q3) optics on the coupling resonance has been studied in the machine for the LIU
injection energy and the experimental results are presented.
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DETAILED CHARACTERISATION OF THE LEIR INTENSITY
LIMITATIONS FOR A Pb ION BEAM
A. Saa Hernandez∗ , H. Bartosik, N. Biancacci, S. Hirlander, D. Moreno, M. Zampetakis
CERN, Geneva, Switzerland

Abstract
The equilibrium emittance of the Pb beam in the CERN
Low Energy Ion Ring (LEIR) results from the interplay
of electron cooling and heating processes, as intra-beam
scattering and space charge. In this paper we present the
measurements of the emittance evolution as a function of
intensity, working point and resonance excitation, and compare them with the simulations of the heating processes.
Optimum settings for normal and skew sextupoles have been
found for the compensation of resonances excited by the
lattice.

The Low Energy Ion Ring (LEIR) is the first synchrotron
of the heavy ion injector chain for the Large Hadron Collider
(LHC). The nominal ion species for LEIR is Pb54+ . The
LEIR cycle has a long injection plateau at a kinetic energy
of 4.2 MeV/u for accumulating 7 pulses from Linac3. LEIR
features a multi-turn injection with simultaneous stacking
in momentum and in transverse phase space. In-between
injections, the phase space volume of the beam is reduced by
means of electron cooling. At the end of the accumulation
process, the transverse emittances and momentum spread
of the beam reach an equilibrium between the cooling and
heating processes such as space charge (SC) and intra-beam
scattering (IBS).
During the 2018 Pb-ion run, a record of accumulated
beam intensity of 14e10 charges has been achieved, as shown
in Fig. 1. Before acceleration, when the electron cooler is
switched off and the coasting beam is captured into bunches
by means of the radio-frequency (RF) cavities, a fraction
of the beam is lost. This fraction is larger the higher the
intensity of accumulated beam. Despite the higher losses a
record intensity of 10.9e10 charges, 7% higher than in the
previous Pb run of 2016, was extracted from LEIR in 2018.
For comparison, the LEIR target intensity required for the
LHC Injectors Upgrade project is about 9e10 charges [1].
To understand the driving mechanism of the losses, detailed studies of the interplay of SC forces and excited betatron resonances have been performed for different machine
working points. The emittance growth and subsequent losses
were simulated with the code PyORBIT [2], using a SC
solver based on an adaptive frozen potential. A qualitative
agreement with the measurements was found, as reported
in [3–5]. Some excited resonances in the tune diagram were
identified as a source of losses. However, the results of SC
simulations could not account for all the emittance growth
∗
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Figure 1: LEIR magnetic cycle of the nominal beam for
heavy ion physics at LHC. The accumulated intensity was
increased by 17% in 2018 (green), and the extracted intensity
out of LEIR by 7% as compared to 2016 (blue).
and beam loss observed in the measurements. In this paper we present the analytical and experimental studies of
emittance growth due to IBS.

MEASUREMENTS
To perform a detailed study of the IBS after the electron
cooler is switched off, we measured the intensity, transverse
emittances, momentum spread and bunch length evolution
along the injection plateau. The beam intensity was measured with a Beam Current Transformer (BCT) at a sampling
rate of 1 ms. The momentum spread before the RF capture
was derived from the revolution frequency measurements
taken with a longitudinal Schottky monitor, and the bunch
length after the RF capture was measured with a wall current monitor. We derived the transverse emittances from
the optical functions of the model and the measurements of
the transverse beam sizes performed with a horizontal and a
vertical Ionization Profile Monitor (IPM) at a sampling rate
of 5 ms. We studied different cases: low and high-intensity
beams (with 1 and 5 injections from Linac3, respectively),
coasting and bunched beams, and we performed static tune
scans to probe the intensity and emittance evolution as a
function of the vertical tune 𝑄𝑦 .
The results of a static tune scan are shown in Fig. 2. A
single pulse is injected from Linac3 at 𝑡 = 245 ms and the
large initial emittances are cooled to their equilibrium values.
At 𝑡 = 526 ms the cooler is switched off and the emittances
start to grow as IBS and SC are no longer counteracted. At
𝑡 = 580 ms the beam is captured in bunches. As the beam is
compressed longitudinally it is more affected by collective
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SIXTRACK VERSION 5: STATUS AND NEW DEVELOPMENTS∗
R. De Maria† , J. Andersson, V.K. Berglyd Olsen, L. Field, M. Giovannozzi, P.D. Hermes,
N. Høimyr, G. Iadarola, S. Kostoglou, E.H. Maclean‡ , E. McIntosh, A. Mereghetti, J. Molson,
D. Pellegrini, T. Persson, M. Schwinzerl§ CERN, 1211 Geneva 23, Switzerland,
B. Dalena, T. Pugnat CEA/IRFU, 91191 Gif-sur-Yvette, France
I. Zacharov LPAP EPFL, 1015 Lausanne, Switzerland
K.N. Sjobak University of Oslo, 0316 Oslo, Norway

Abstract
SixTrack Version 5 is a major SixTrack release that introduces new features, with improved integration of the existing ones, and extensive code restructuring. New features
include dynamic-memory management, scattering-routine
integration, a new initial-condition module, and reviewed
post-processing methods. Existing features like on-line aperture checking and Fluka-coupling are now enabled by default.
Extensive performance regression tests have been developed
and deployed as part of the new-release generation. The
new features of the tracking environment developed for the
massive numerical simulations will be discussed as well.

MAIN FEATURES

SixTrack [1] is a 6D single-particle symplectic tracking code for studying dynamic aperture (DA) or evaluating
the performance of beam-intercepting devices like collimators [2]. SixTrack is licensed as GNU Lesser General Public
License software and is under very active development in
the GitHub repository [3]. Extensive restructuring and new
features have been added in the last years. The SixDesk runtime environment manages SixTrack simulations from input
generation, job queue management (using HTCondor [4]
in the CERN BATCH service [5] and customised software
in the CERN BOINC server [6]), to collecting and postprocessing results. This paper presents a summary of the
existing features in the last SixTrack and SixDesk releases
and focuses on some of the most recent developments.
SixTrack computes very eﬃciently the trajectories of individual relativistic charged particles in circular accelerators by
using explicitly 6D symplectic maps (see [7] and references
therein), or scattering elements. The set of coordinates used
internally is larger than the minimum needed to describe the
motion. Additional variables are used to store energy-related
quantities and are updated only on energy changes, which
do not occur very frequently in synchrotrons in the absence
of radiation eﬀects, to save computational time. Thick maps
for dipoles and quadrupoles also reuse the energy-dependent
factors of the ﬁrst- and second-order polynomials of the map
that are recalculated at each energy change. Furthermore,
diﬀerent ion species can be tracked at the same time using
an extension of the usual symplectic formalism (see later).
∗
†
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SixTrack tracking maps are optimised for speed and
numerical reproducibility. Scattering maps are being refactored to be numerically reproducible, thus increasing the
type of simulations that can be ported to LHC@Home [8].
SixTrack can also be linked with the BOINC library [6] to
use the volunteer computing project LHC@Home.
SixTrack can compute linear and non-linear optical functions using a 5D matrix code and a 6D truncated power series
algebra (TPSA) tracking code. Coupled Twiss parameters,
using the Mais-Ripken formalism [9], can be extracted along
the lattice. The optical parameters are optionally used in the
beam-beam elements for self-consistent simulations.
Diﬀerently from other codes, SixTrack uses (σ = s −
β0 c t) as the longitudinal coordinate during tracking to avoid
updating
rounding errors associated to the relativistic β when

β
P−P0
time delays in drifts and ζ = β0 σ, δ = P0 as conjugate
canonical variables in 6D optics calculations.
Table 1: Physical Elements Implemented in SixTrack
Drift expanded
Single thin multipole
Thick dipole-quadrupole
Accelerating cavities
4D-6D beam-beam [12]
Electron lens [14]

Drift exact [10]
Thin multiple block
Thin solenoid
RF-multipoles [11]
Wire [13]
Fringe ﬁelds [15–17]

Table 1 shows the diﬀerent types of beam-line elements
implemented in SixTrack. Thin multipoles are used in conjunction with the MAKETHIN and SIXTRACK commands in
MAD-X [18] to implement symplectic integrators of thick
maps. Thin multipoles include the eﬀect of the curvature,
when present, up to second order. Recently, a model of sdependent fringe ﬁelds has been merged and is being used to
study the impact on the dynamic aperture of the ﬁeld quality
of the new triplet quadrupoles foreseen in the HL-LHC [19].
SixTrack allows setting turn-varying functions for most
of the beam elements and simulation parameters (see DYNK
module [20] and references therein), including multipoles,
RF amplitude and phase, reference energy, and beam-beam
elements. These functions are speciﬁed using a ﬂexible
language that allows combining functions to achieve the
required eﬀect.
Initial conditions can be given in normalised-amplitude
steps or taken from an external ﬁle. A general distribution module is under development to generate matched or

MC5: Beam Dynamics and EM Fields
D11 Code Developments and Simulation Techniques

This is a preprint — the final version is published with IOP

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS044

INSTABILITY LATENCY IN THE LHC
S. V. Furuseth∗1 , D. Amorim, S. A. Antipov, X. Buﬀat, E. Métral,
N. Mounet, B. Salvant, CERN, 1211 Geneva 23, Switzerland
T. Pieloni, C. Tambasco, EPFL, 1015 Lausanne, Switzerland
1 also at EPFL, 1015 Lausanne, Switzerland

Abstract
The Large Hadron Collider (LHC) has experienced multiple instabilities that occur between minutes and hours after
the last modiﬁcation of the machine settings. The existence
of instabilities with high latency has been reproduced also in
simulations. Dedicated experiments, injecting a controlled
noise into the beam, have now been performed to discover
the dependence of this latency on key parameters. The results seem compatible with a mechanism linked to a steady
and slow modiﬁcation of the transverse beam distribution
leading to a loss of Landau damping.

INTRODUCTION

The beams in circular colliders become more prone to
destabilising eﬀects as the beam brightness increases [1]. A
substantial amount of work has been done in recent decades,
which has increased the understanding of instabilities in the
LHC [2]. This work has led to conﬁguration-dependent predictions of how much Landau damping is required to keep
the beams stable. There are still diﬀerences between the
predictions and the measurements that remain to be understood. First of all, the Landau octupole current in operation
is still about a factor 2 larger than the predicted threshold.
However, it was reduced slowly towards the end of Run 2,
without reaching the stability threshold. The discrepancy is
larger and non-constant for a chromaticity close to 0 [3, 4].
An instability mechanism that is not accounted for in those
predictions, is the possibility for a bunch to go unstable a
considerable time after a given machine conﬁguration is set.
The delay is referred to as the latency of the instability. This
has been measured in regular operation of the LHC and in
simulations [5, 6]. The current hypothesis is that this loss
of Landau damping is caused by an amplitude dependent
diﬀusion, driven by an external noise acting equally on all
particles in a bunch [7], combined with the eﬀects of strong
wakeﬁelds. An experiment dedicated to this latency of instabilities has now been performed in the LHC [8]. The goals
were ﬁrst to conﬁrm the hypothesis that external noise can
lead to loss of Landau damping, and next to measure the
dependence of the latency on a few key machine parameters
and the external noise amplitude. In the following, we will
present the main outcomes on both aspects.

EXPERIMENTAL PROCEDURE

This experiment was conducted over three ﬁlls in the LHC,
at two diﬀerent dates. Up to 13 proton bunches per beam
∗

Table 1: Important Parameters During the Experiment [8].
Parameter
Energy per proton
Trans. norm. emitt.
Intensity
Bunch length, 4σs
Trans. tunes, (Q x , Q y )
RMS trans. detuning 1
Synchrotron tune, Q s
Revolution frequency
Total RF Voltage

unit

Fill 1

Fills 2 and 3

[TeV]
[μm]
[1011 p/b]
[ns]
[mod 1]
[1]
[1]
[kHz]
[MV]

6.5
1.33
0.91
1.12
(0.275,0.295)
5.0 × 10−5
0.002
11.245
12

6.5
1.42
1.10
1.07
(0.275,0.295)
5.3 × 10−5
0.002
11.245
12

to octupoles at Ioct = 400 A, for bunches with the listed average
transverse normalised emittance and energy. Equal in both transverse
planes.

1 Due

were injected into the machine, with separations of 5.25 μs
or more [8], and accelerated to ﬂat top under nominal conditions in all three ﬁlls. Due to the large separations, we could
avoid all beam-beam interactions. A few key parameters are
listed in Table 1.
The LHC transverse feedback system was used as a feedback and to act on the bunches as an external source of white
noise up to 40 MHz, which was Gaussian in the time domain.
For a given machine conﬁguration, a group of 4 bunches was
acted on with noise of diﬀerent amplitudes. Then we waited
for these bunches to go unstable. An example of this process
is presented in Fig. 1. Diﬀerent machine conﬁgurations were
tested systematically. In ﬁll 1, the octupole current, Ioct , was
varied; in ﬁll 2, the chromaticity, Q , was varied; in ﬁll 3, the
transverse feedback gain, g, was varied, corresponding to
a damping time, τg = 2/g, in number of turns. In ﬁll 1 the
noise only acted horizontally, while in ﬁlls 2 and 3 the noise

7
6
5
4
3
2
1
0

𝘝 = 𝟦 ⋅ 𝘝𝖱𝖾𝖿
𝘝 = 𝟥 ⋅ 𝘝𝖱𝖾𝖿
𝘝 = 𝟤 ⋅ 𝘝𝖱𝖾𝖿
𝘝 = 𝟣 ⋅ 𝘝𝖱𝖾𝖿
𝘝 = 𝟢 ⋅ 𝘝𝖱𝖾𝖿
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Figure 1: Evolution of normalised horizontal emittance for
5 bunches in beam 2, with linearly spaced external noise
amplitudes. Ioct = 452 A, Q  ≈ 15, and τg ∼ 200 turns.
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HIGH-PERFORMANCE SCHEDULING OF MULTI-BEAM
MULTI-BUNCH SIMULATIONS ∗
S. V. Furuseth†1 , X. Buﬀat, CERN, 1211 Geneva 23, Switzerland
1 also at EPFL, 1015 Lausanne, Switzerland

Abstract
Coherent multi-bunch interactions through beam-beam
forces or wakeﬁelds can cause severe impacts on the beams
in circular colliders, if not well understood and countered.
COMBI is a parallel multiparticle tracking code developed to
study such interactions. Its implementation greatly limits
its eﬃciency when considering realistic conﬁgurations featuring eﬀects with diﬀerent computational requirements,
such as the multi-bunch interaction through wakeﬁelds,
beam-beam interactions, transverse feedback and lattice nonlinearities. A new parallel scheduling method, pipelining
the eﬀects for each bunch, has greatly sped up the code. The
new version of the code, COMBIp, is presented here.

INTRODUCTION

The dynamics of particle beams in circular colliders can
be so involved that the most complex conﬁgurations must
be evaluated by numerical simulations. Each beam consists
of multiple bunches. The bunches are aﬀected by both external electromagnetic ﬁelds produced by the machine, and
interactions with each other. There are: (i) independent,
intra-bunch eﬀects such as the forces from the various magnets; (ii) intra-beam, inter-bunch interactions such as the
kicks from electromagnetic wakeﬁelds [2]; (iii) inter-beam,
inter-bunch interactions close to the collision points, called
beam-beam interactions [3]. The modeling of the diﬀerent
eﬀects will be referred to as calculations.
There exists a wide library of simulation codes developed speciﬁcally for circular particle colliders, exploiting
the parallel infrastructure of modern computers in diﬀerent
ways. The parallelization in COMBI was designed to deal
with multi-beam, multi-bunch simulations, and it can study
both beam-beam interactions and wakeﬁelds [4, 5].
When simulating coherent multi-beam, multi-bunch effects, causality puts strong constraints on the order of the
calculations. Based on the analysis of the challenges, a new
parallel algorithm has been implemented in COMBI, named
COMBIp. The performance of the new and old algorithms
will be analyzed and compared.

CAUSALITY CAUSED CHALLENGES

In a circular collider, two beams move in opposite directions, as shown in Fig. 1. The locations must be traversed in
order, meaning 19, 0, 1, ... for a bunch in beam 1 (B1), and
1, 0, 19, ... for a bunch in beam 2 (B2), to ensure causality.
At each location there can be a calculation to be performed,
or not, with various implications on the scheduling.
∗
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Independent, intra-bunch calculations require no communication between the bunches. These calculations have to be
done in order for each bunch separately, to ensure causality.
However, in a multi-bunch simulation, these calculations do
not require any synchronization between the bunches.
Intra-beam, inter-bunch calculations, from now on referred to as intra-beam calculations, require communication
between bunches in the same beam. Here we consider wakeﬁelds. In the ultra-relativistic limit, particles can only aﬀect
trailing particles. How the inter-bunch dependencies aﬀect
the order of these calculations is visualized in Fig. 2a. The
wakeﬁelds produced by each bunch can be calculated independently and simultaneously for every bunch. Then the
wakeﬁelds must be communicated to the trailing bunches, before the kicks from the wakeﬁelds can be calculated. Hence,
a bunch cannot overtake another bunch beyond this calculation. Without inter-beam calculations, the individual
bunches can easily be parallelized, by performing each calculation simultaneously for every bunch.
Inter-beam calculations are typically referred to as beambeam interactions. In modern circular colliders, the two
beams are kept separated except for close to the interaction
points. How the inter-bunch dependencies aﬀect the order
of these calculations is visualized in Fig. 2b, assuming one
long-range calculation on each side of a head-on calculation
at location 0. Bunch n has to calculate its interaction with
bunch n − 1, then n, then n + 1 of the other beam. As this
is required for both beams, bunch n − 1 has to ﬁnish its
calculation with a bunch of the other beam, before bunch n
can start its calculation with the same bunch. Without intrabeam calculations, or ﬁlling of every slot in the collider
model, the bunches can still be parallelized eﬃciently by
doing diﬀerent calculations simultaneously.
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Figure 1: A circular collider model where two beams (B1 in
blue, B2 in red) move in opposite directions. Both beams
have 8 bunches in a row followed by two empty slots.
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MONITORING AND MODELLING OF THE LHC EMITTANCE
AND LUMINOSITY EVOLUTION IN 2018
S. Papadopoulou∗ , F. Antoniou, I. Efthymiopoulos, M. Hostettler, G. Iadarola,
N. Karastathis, S. Kostoglou, Y. Papaphilippou, G. Trad,
CERN, Geneva Switzerland

Abstract

Table 1: Measured (BSRT) Emittance Along the LHC Cycle

Operating at 6.5 TeV, the LHC surpassed the expectations
and delivered an average of 66 fb−1 integrated luminosity
to the two high luminosity experiments ATLAS and CMS
by the end of 2018. In order to provide a continuous feedback to the machine coordination for further optimizing the
performance, an automated tool for monitoring the main
beam parameters and machine configurations, has been devised and extensively used. New features like the coupling
between the two planes and effects of noise, were added to
the numerical model used since 2016 to calculate the machine luminosity. Estimates, based both on simulations and
on observed beam parameters, were reported fill-by-fill as
well as in overall trends during the year. Highlights of the
observations including the observed additional emittance
blow up (on top of IBS, SR and elastic scattering) as well as
additional losses (on top of the expected proton burn off) are
presented for the 2018 data. Finally, cumulated integrated luminosity projections from the model for the entire 2018 data
based on different degradation mechanisms are compared
also with respect to the achieved luminosity.

INTRODUCTION

The high brightness 25 ns beams [1] produced with the
Batch Compression bunch Merging and Splitting (BCMS)
scheme [2, 3] were used for the 2018 run. Aiming to gain
some of the luminosity lost during collisions, the crossing
angle is gradually reduced (anti-leveling process) [4, 5]. In
order to increase the integrated luminosity, the beams are
initially squeezed to a β∗ of 30 cm that is further reduced to
25 cm after some hours in collisions according to the ATS
(Achromatic Telescopic Squeeze) [6] optics scheme.
The LHC performance is followed up using an automated
tool which is based on extracted data from the logging system CALS [7]. In this paper, the transverse emittance along
the LHC energy cycle and the beam losses at collisions are
discussed for the 2018 run. The comparison of the measurements to the luminosity model [8,9] assists in understanding
the impact of mechanisms which are beyond the existing
model, on the emittance growth and therefore, on the luminosity degradation. Intrabeam Scattering(IBS), Synchrotron
Radiation (SR) and elastic scattering are considered for modeling the transverse emittance growth. The bunch length
calculation is based on the IBS and SR effects. The luminosity burn-off, causing the bunch current decay due to the
collisions, is considered for the intensity evolution. Apart
∗
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Emittance [µm]
Injection
start of Ramp
start of collisions

B1H
1.4
1.6
2.0

B1V
1.3
1.5
1.7

B2H
1.4
1.6
1.5

B2V
1.4
1.5
1.7

from the luminosity leveling and the crossing angle antileveling, in 2018 the transverse emittance coupling [10] was
included in the model as an additional feature.

EMITTANCE EVOLUTION
In Table 1, the 2018 measured (by the BSRT: Beam Synchrotron Radiation Telescope [11, 12]) emittances along the
LHC energy cycle are given for both Beam 1 (B1) and Beam
2 (B2). The average relative emittance growth of both beams
and planes, mainly due to the effects of IBS and e-cloud,
during a time of ∼33 min spent at injection (from Injection
to start of Ramp), is less than 15 %.
Overall the emittances along the cycle are smaller compared to previous years of Run 2 [13]. However, based on
the expected growth during the energy Ramp and on observations of previous years, the average 2018 measured
emittances at the start of collisions seem to be unrealistically
small, specially for the horizontal plane of B2. That is probably due to the 20 % accuracy of the BSRT measurement [14].
This becomes clear in Fig. 1, when comparing the BSRT
convoluted (average of two beams) emittances at the start of
collisions to the ones of the emittance scans [15] and to the
ones extracted by the luminosity of the experiments (ATLAS,
CMS). The pink solid lines correspond to BSRT calibration
Fills and the dashed ones to Technical Stops (TS). Except
for the periods before Fill 6700 and for Fills 7100-7220 having BSRT hardware issues (gray colored areas), for most
of the year the BSRT emittances are underestimated. The
divergence from the expected emittance values was guiding
the BSRT re-calibration.
Based on the results presented in [14] for the calibration
Fill 7220, the agreement of emittance scans with the emittances inferred from luminosity is 5-20 % and the emittances
from Wire Scanners (WS) [16] are up to 10-15 % lower than
the ones extracted from luminosity. Since the BSRT is calibrated with respect to the WS, the discrepancy between
the BSRT and the emittances estimated from luminosity is
something to be expected. Understanding this difference is
important for the validation of the data quality. Based on
the results shown in Fig. 1, only Fills for which the convo-
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SPACE CHARGE DRIVEN RESONANCES IN THE CERN PS
F. Asvesta∗1,2 , H. Bartosik1 , A. Huschauer1 , Y. Papaphilippou1
1 CERN, Geneva, Switzerland, 2 NTUA, Athens, Greece

Abstract
In the CERN Proton Synchrotron space charge driven
resonances are excited around the operational working point
due to the periodicity of the optics functions. In this paper,
the resonances are studied using analytical methods, i.e. the
evaluation of the resonance driving terms connected to the
space charge potential of Gaussian distributions. Furthermore, the resonances are characterized in measurements
and simulations for various beams. The beams considered
are different in terms of brightness, in order to study the
dependence of the resonance strength on the space charge
force.

INTRODUCTION

Table 1: Beam Parameters for Simulations and Experiments

∗

Beam Type
ϵhn
ϵvn

(1σ)[mm mrad]
(1σ) [mm mrad]
Intensity [1010 ppb]
∆p/prms (1σ)[10−3 ]
Ekin [GeV]
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High-brightn.

Low-brightn.

5.5
4.5
96
0.52
1.4

5.5
4.5
48
0.52
1.4

Figure 1: Sketch of the tune footprints for the beams of interest: high-brightness in black and low-brightness in green.
Resonances of 3rd and 8th order are plotted, systematic in red
and non-systematic in blue. The skew resonances are shown
in dashed lines and the normal in solid. The grey shaded
area corresponds to the tune space tested in the experimental
studies.

ANALYTICAL CONSIDERATION
The excitation of resonances can be studied using perturbation theory on the non-linear Hamiltonian [8]. The
leading order RDTs of the space charge driven resonances
can be evaluated for the perturbating space charge potential
of a Gaussian beam, given by [9],
2

2

−1 + exp − 2σx2 +t 2σy2 +t
x
y
dt
q
2
2
0
(2σx + t)(2σy + t)
(1)
where r0 is the classical particle radius, NB the bunch intensity, β, γ, the relativistic factors and σs,x,y the longitudinal,
horizontal and vertical beam sizes. A Python module for
the calculation of the RDTs from the space charge potential
of Gaussian beams has been developed [10] and is used to
study the 8th order resonances in the PS, as discussed below.
The RDTs for the 8Q y = 50, 2Q x + 6Q y = 50 and 4Q x +
4Q y = 50 resonances have been evaluated for the highbrightness beam and are shown in Fig. 2. Note that the
driving term values presented here are normalized by the
distance from the resonance, i.e. l − mQ x − nQ y where
l, m, n the corresponding harmonic and order. The optics
functions for the PS lattice, required for the calculation of
the RDTs, have been obtained from MAD-X [11]. The 8th
order driving terms for all of the resonances studied here
increase significantly when the tune values are set on the
r0 NB
Vsc (x, y) =
√
β2 γ 3 2πσs

∫

∞
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Space charge effects are critical for high-brightness synchrotrons such as the CERN Proton Synchrotron (PS). Space
charge forces create an incoherent tune shift that depends
on the longitudinal and transverse distributions, the energy
and the intensity of the beam. This tune spread can be
analytically estimated for Gaussian (transverse) beam distributions [1]. Figure 1 shows the expected space charge
tune spreads for the beam parameters used during the experimental studies presented in this paper (summarized in
Table 1).
The space charge potential can have an interplay with
resonances through the space charge tune spread, but it can
also directly excite resonances [2]. The Resonance Driving
Terms (RDTs) of resonances driven by the space charge
potential of Gaussian beams can be calculated analytically [2,
3]. In the PS an 8th order space charge driven resonance at
8Q y = 50 was identified in the past [4, 5]. Recent studies
have confirmed the losses when crossing this resonance [6]
and have identified another space charge driven resonance
at 2Q x + 6Q y = 50 [7].
In this paper, the 8th order space charge driven resonances
in the PS are studied using the analytical expression for the
respective RDTs. Moreover, experimental results of tune
scans using the beams of Table 1 will be presented and
complemented with simulation studies.
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ELECTRON BEAM DYNAMICS SIMULATION FOR ELECTRON LENSES*
S. Sadovich†, A. Rossi, CERN, Geneva, Switzerland
G. Stancari, FNAL, Batavia, USA

Abstract

ELECTRON BEAM DYNAMICS

A test stand is under construction at CERN to study high
perveance electron guns, electron beam dynamics, and
electron beam diagnostics for electron lenses. It will be
used to test electron guns for the Hollow Electron Lenses
under consideration for beam halo control for High Luminosity LHC (CERN), and for the Space Charge Compensation at SIS18 (GSI) in the frame of the EU funded ARIES
project.
In order to prepare for this test stand, simulations will be
presented and compared with experiments undertaken at
the Fermilab (FNAL) electron lens test stand. These were
conducted using a hollow electron gun, with the magnetic
field configuration and beam current varied to study their
effect. The impact of imperfections on the beam dynamics
and overall quality of the electron beam will be discussed.
A method for comparing experimental data with simulation
is also presented to allow bench-marking of the computer
models and simulation tools that will later be applied to the
analysis of measurements performed at CERN.

INTRODUCTION

Collimation with Hollow Electron Lenses (HELs) [1-2]
gives a means of depleting the transverse tails of the circulating beam without using intercepting material, thereby
avoiding the risk of damage and not contributing to machine impedance.
In order not to perturb the core of the circulating beam,
the hollow electron beam shall have a negligible residual
field at the centre of the electron column, and hence, must
be circular and with uniform electron transverse distribution. Parameters that affect the electron beam dynamics,
such as the electron current and current density, energy, the
lens magnetic field, dimensions and geometrical configuration of vacuum chambers, therefore need to be carefully
specified.
In this paper we aim to reproduce the experimental results measured at the Fermilab electron-lens test stand using simulations with CST Particle Studio. This allows us to
study the influence of imperfections such as gun and magnet misalignment, and non-uniform current yield, which
will be further studied at the CERN Electron Lens test
stand, currently under construction. Understanding these
parameters, and benchmarking the simulations is very important to predict the shape of high current electron beams.
___________________________________________
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The criteria of beam stability for hollow electron beams
with a homogeneous current distribution in a uniform magnetic field were described by Davidson in [3], and the influence of the shape profile on the diocotron instability was
studied in [4].
Let’s consider an annular, low-density (𝜔 ≪ 𝜔 ),
non-neutral electron plasma confined radially by a uniform, axial magnetic field B, where 𝜔 and 𝜔 are the
electron plasma frequency and electron cyclotron plasma
frequency respectively. The radial, self-electric field of the
electron beam combined with the longitudinal confining
magnetic field causes a rotation of the electron column
with angular velocity Ω(r):
Ω 𝑟) = Ω

(1)

1−

Ω =

(2)

where Ω is the diocotron frequency, b is the inner radius
of the beam and r is the distance from the axis of the electron column, with r > b.
Assuming that the electrons emitted from the cathode
have the characteristics of a non-relativistic Child-Langmuir flow, then, if V is the cathode-anode potential that determines the extracted current 𝐼 = 𝜇𝑉 , where 𝜇 is the
perveance, the maximum rotation phase φ of the electron
column during its transit time ∆T can be expressed as
𝜑 ≈ Ω Δ𝑇 ≈ Ω

≈ 𝑐𝑜𝑛𝑠𝑡.×

√

𝐿

(3)

where L is the length of the system and 𝑣 is the axial
velocity of the electron beam [5].
Furthermore, assuming that the evolution of the hollow
electron beam profile depends on its rotation phase φ, we
can predict the shape of the beam based on the scaling factor √𝑉 𝐵 𝐿.

EXPERIMENTAL MEASUREMENTS
E-lens Test Stand at FNAL
The Fermilab electron lens test stand [6-7] was built in
the late 1990s to support the development of electron
lenses for the Tevatron collider. Currently, it is being used
to characterize the performance of electron guns and to
study the dynamics of intense, magnetically confined electron beams. Recently, it has been used to test electron guns
for the Fermilab Integrable Optics Test Accelerator (IOTA)
[8] and to characterize high-current hollow electron gun
prototypes for beam halo control in the High-Luminosity
LHC [9-13]. The test stand includes a pulsed electron gun,
a straight beamline, a collector and beam diagnostics
equipment. The vacuum beam line is surrounded by three
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FLAT-BOTTOM INSTABILITIES IN THE CERN SPS
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At intensities of 2.6 ×
protons per bunch (ppb), required at SPS injection for the High Luminosity LHC beam,
longitudinal instabilities can degrade the beam quality delivered by the SPS, the LHC injector at CERN. In this paper,
we concentrate on beam instability at flat bottom. The dependence of the instability threshold on longitudinal emittance
and LLRF system settings was measured, to help identify
the impedance driving this instability. While reducing the
longitudinal emittance reduces the losses at injection, it can
drive the beam unstable. The LLRF system of the SPS
(partially) compensates beam loading, but also affects the
instability. The effect of the different LLRF systems (feedback, feedforward, phase loop and longitudinal damper)
and the fourth harmonic RF system on the instability was
investigated. The measurements are compared to particle
simulations performed with the longitudinal tracking code
BLonD.

INTRODUCTION

The SPS is the injector to the LHC and presently operates
at a nominal LHC intensity of 1.15 × 1011 ppb. Instabilities, beam loading, and intensity-dependent losses limit the
achievable intensity in the present SPS [1]. However, the
High Luminosity LHC project demands that 2.6 × 1011 ppb
are injected into the SPS with a loss budget not larger than
10% [2]. The LHC Injectors Upgrade (LIU) project aims
at achieving these goals. In the SPS, several improvements
will be implemented during the ongoing Long Shutdown 2
(LS2) and include impedance reduction, a reorganization
of the main accelerating Traveling Wave Cavities (TWC) to
reduce beam loading, and an upgrade of the RF power and
low-level RF (LLRF) system [3]. Capture and flat-bottom
losses as well as their mitigations are discussed in [4], while
instabilities during ramp were recently considered in [5].
The TWCs are equipped with 630 MHz Higher-Order Mode
(HOM) couplers to mitigate these instabilities and additional
HOM couplers will be installed during LS2. However, they
also lead to a detuning of the fundamental passband. Here,
we discuss the effect of this detuning on beam stability at
flat bottom.

h4σFWHM i bunches > τth

=hmax 4σFWHM i 40ms. . . 100ms . (1)

This criterion is also applied in simulations.
Figure 2 shows the measured beam stability for different
bunch lengths and intensities for 12 bunches in single RF
and with only the phase loop active. For better comparison
with simulations, only data up to 10 s was used. Above 1.2 ×
1011 ppb the beam becomes unstable. However, once the
one-turn delay feedback (OTFB) is turned on to reduce the
beam loading of the main 200 MHz TWCs, beams up to 2.2×
1011 ppb become stable. This gives a strong indication that
the flat-bottom instability is driven by the main impedance
of the 200 MHz TWC.

MEASUREMENTS

During measurements in 2018, 48 bunches with 25 ns
spacing and 2.2 × 1011 ppb were found to be unstable at flat
bottom. The 200 MHz TWC impedance was assumed to
drive this instability. Since the present RF system is power
limited at these intensities, full intensity scans were not possible. Therefore, we performed intensity studies with only
∗

12 bunches. This is well below the nominal 72, and recently
operational 48, bunches, but did allow measurements without the feedback system active. These measurements were
used to benchmark longitudinal tracking simulations, then
also applied for future scenarios.
Figure 1 shows an example of the 4σFWHM bunch length
evolution along a 19.2 s long flat bottom, where an instability develops at 8 s. Here, 4σFWHM denotes the Gaussian
equivalent 4σ of the FWHM bunch length. Notice that all
bunches become unstable, since both the minimum and maximum bunch length increase. This coupling of the head of
the batch with its tail is likely due to the beam phase loop,
which averages over 12 bunches, and it was not observed
when the phase loop was off.
We consider the beam to be unstable, if the average bunch
length exceeds the threshold bunch length τth , defined as
the average maximum bunch length between 40 and 100 ms
after injection, i.e.
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Figure 1: Measured 4σFWHM bunch length of 12 bunches at
flat bottom. The vertical dashed line indicates the time at
which the threshold condition in Eq. (1) is satisfied.
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MULTI-SPECIES ELECTRON-ION SIMULATIONS AND THEIR
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Abstract
During operation in 2017 and 2018, the LHC suffered
from recurrent beam aborts associated with beam losses
in one of its arc cells in correlation with quickly developing transverse coherent oscillations. The events are thought
to have been caused by a localised high gas density resulting from the phase transition of a macroparticle that had
entered the beam. In order to model the observed coherent effects caused by the interaction of the beam with the
induced pressure bump, novel modelling capabilities have
been implemented that allow for the simulation of multiple
clouds of different particle species and their interaction with
the beam. In this contribution the simulation model and its
application are described.

INTRODUCTION

During LHC operation in 2017 unusual fast beam loss
events were observed in the 16th half-cell left of Interaction
Point 2 (16L2) [1–6]. The loss events were often accompanied by transverse coherent beam motion with extremely
fast rise times, and resulted in beam dumps due to losses
exceeding the beam abort thresholds either on the collimation system, or directly in the half-cell 16L2. During the
2017 LHC run, in total 68 premature beam dumps with this
characteristic signature occurred, significantly impacting the
operation.
At the end of the 2017 run it was confirmed that an amount
of air had been present in the cryogenic vacuum system in the
concerned region, where most of the constituent gases would
have been condensed and solidified on the beam screen surface [1]. The loss events are believed to have been initiated
by macroparticles of such frozen gases, in particular nitrogen or oxygen, becoming detached and entering the beam.
Macroparticle events where a dust particle enters the beam
halo, becomes ionized and subsequently repelled by the
beam, producing a characteristic loss spike, regularly occur in the LHC [7–9]. While many of the events observed
in 2017 initially appeared as regular macroparticle events,
they were distinguished by a long tail of losses that is inconsistent with the macroparticle picture [4–6]. However, the
macroparticles may have undergone a phase transition to gas,
resulting in a local pressure bump of high density, which
could explain the observed loss pattern [4]. Beam-induced
ionization of the localized gas generated by the macroparticle would in turn produce large numbers of electrons and
ions, which are believed to be the cause of the observed
strong beam instabilities [2, 3].
∗
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In this contribution we describe the on-going efforts to
numerically model the beam-induced ionization and the
resulting beam-ion-electron system, in order to verify if
it can give rise to the observed coherent effects. We will
argue why the numerical tools in place at the time of these
events, which allowed for the study of beam-electron or
beam-ion interactions, but not the three components together,
were insufficient for modelling the dynamics of the threecomponent system. We detail the developments made to
this date to enable more accurate studies, show the first
results obtained with the new tools, and discuss the needs
for possible further extensions to the numerical model.

RELEVANT OBSERVATIONS AND
ANALYSES
The observed beam losses provided some of the most important information for identifying the cause of the events
leading to the beam dumps. The observed longitudinal pattern in the beam loss monitors allowed estimating the origin
of the losses to within a few meters, to the interconnection region between the quadrupole and the neighbouring dipole in
the 16L2 half-cell [1, 4]. Furthermore, the atomic densities
in this location could be estimated based on the measured
loss rates. For a pressure bump extending over the length
L, a density range of roughly 1019 –1021 L −1 m−2 can be inferred for the various recorded events, assuming that the
nuclei consist of nitrogen gas and that the pressure bump
extends transversally over the full beam cross section [4].
Strong transverse coherent beam oscillations were often
observed prior to the beam dump of 16L2 events [3]. The pattern of unstable bunches varied between the different events.
The rise times of the instabilities were typically between
10 and 100 turns, much faster than any previously known
instability mechanism in the LHC. Efforts to damp the instabilities by increasing transverse feedback gain, chromaticity
and octupole current were unsuccessful.
For some events it was possible to gain additional information on the characteristics of the instability through further
analysis [3]. In cases where frequency analysis of the growing motion could be successfully performed, positive single
bunch tune shifts as large as 2 × 10−2 were observed. For
a few events it was also possible to detect intra-bunch motion, which displayed a travelling wave pattern along the
tail of each bunch. Both positive tune shifts and travelling
wave motion at the tail of bunches are typical signatures
of electron-induced coherent effects, with the large magnitude of the tune shift implying that unusually high electron
densities were present.
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AGAINST HEAT LOAD MEASUREMENTS FOR THE LHC ARCS WITH
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Abstract

Electron cloud effects are among the main performance
limitations for the operation of the Large Hadron Collider
(LHC) with 25 ns bunch spacing. A large number of electrons impacting on the beam screens of the cold magnets
induces significant heat load, reaching values close to the
full cooling capacity available from the cryogenic system.
Interestingly, it is observed that parts of the machine that
are by design identical show very different heat loads. We
used numerical simulations to investigate the possibility that
these differences are induced by different surface properties,
in particular maximum Secondary Electron Yield (SEY) for
the different cryomagnets. Using the PyECLOUD code, the
electron cloud build-up was simulated assuming different
values of SEY in the LHC cold magnets. Comparing the
measured heat loads to the simulation results for the 25 ns
beams at 450 GeV we have identified the SEY values that
match the observations in these conditions. These SEY values were found to be in good agreement with the heat loads
measured with different beam configurations (changing the
bunch pattern, the bunch intensity and the beam energy).

HEAT LOAD OBSERVATIONS

During Run 2 (2015-2018) the Large Hadron Collider
(LHC) has been operated with the design bunch spacing of
25 ns. In these conditions, large heat loads are observed on
the beam screens of its superconducting magnets [1, 2].
The heat loads measured in the eight cryogenic arcs of the
machine during a typical luminosity fill with 25 ns beams
are shown in Fig. 1. The heat loads are much larger than
expected from impedance and synchrotron radiation (dashed
line) and vary a lot from arc to arc. These differences are
not expected as the eight arcs are by design identical. It is
possible to identify two groups: a group of four consecutive
high-load sectors (including S78, S81, S12, S23) and a group
of four consecutive low-load sectors (including S34, S45,
S56, S67).
The LHC arc is built of practically identical 53.4 m long
half-FODO-cells, accommodating three main dipoles and
one main quadruple. Large differences in heat load are observed also among half-cells within each sector. A small set
of half-cells has been equipped with additional temperature
sensors, which have allowed observing that differences are
present also among magnets installed in the same half-cell.
The most characteristic features of the observed heat loads
are the following [3]:
∗
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Figure 1: Heat loads (bottom) measured during a regular luminosity fill with 25 ns bunch spacing and during a
subsequent test fill with 50 ns bunch spacing, both with
1.1 × 1011 p/bunch. Heat loads are per half-FODO-cell. The
total intensity of the corresponding fill is shown on the top
figure.
• The heat loads are significantly larger than impedance
and synchrotron radiation estimates and differ significantly among the eight sectors. These differences are
very pronounced during operation with the 25 ns bunch
spacing but disappear when the 50 ns bunch spacing is
employed (as shown in Fig. 1).
• Heat load measurements taken with 25 ns beams at
different bunch populations show a threshold around
0.4×1011 p/bunch.
• For a fixed bunch population the heat loads are proportional to the number of circulating bunch trains.
• Large heat loads and differences among sectors are
already present at injection energy (450 GeV) and increase only moderately during the energy ramp.
Based on these features and on the analysis of the heat
load measurement technique, it is possible to exclude that the
observed differences result from measurement artifacts [3].
Differences among sectors, half-cells and magnets are
very reproducible and were observed in all 25 ns fills over
the entire Run 2. Nevertheless, these differences were not
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ELECTRON CLOUD BUILD-UP SIMULATIONS IN THE TWO-BEAM
COMMON CHAMBER OF THE HL-LHC TDIS WITH NON-UNIFORM
SURFACE PROPERTIES∗
G. Skripka† , C. Bracco, G. Iadarola, A. Perillo-Marcone, CERN, Geneva, Switzerland

Abstract

The segmented injection protection absorber (TDIS) foreseen for the High-Luminosity Large Hadron Collider (HLLHC) project is designed to protect the machine in case of
injection kicker malfunctioning. Since the current LHC injection protection absorber has suffered from vacuum issues
possibly induced by electron multipacting, numerical studies
were done to estimate the electron flux expected on the internal surfaces of the TDIS. This device will consist of three
pairs of movable absorbing blocks above and below one
beam and a beam screen surrounding the second circulating
beam. The build-up of electron cloud in the TDIS was simulated accounting for the presence of two counter-rotating
beams, for the configuration of the jaws and for the different
materials used for the different surfaces in the device. The
simulation studies have also investigated the possibility of
coating the most critical surfaces with amorphous carbon in
order to mitigate the multipacting.

INTRODUCTION

Electron cloud (e-cloud) in particle accelerators is known
to have a detrimental effect on the vacuum pressure and
can cause a large heat deposition on the vacuum chamber
surfaces. In a particle collider, in the presence of two beams
in the same chamber, the build-up of e-cloud becomes more
complicated and the electron density cannot be scaled from
the case of a single beam. The complication is due to the
fact that the arrival times of the two counter-rotating beams
with respect to each other depend on the position along the
machine, and hence, there is no simple bunch spacing in the
common-chamber device.
PyECLOUD is a 2D numerical code for simulations of ecloud build-up in the presence of one or multiple circulating
beams in one chamber [1, 2]. In order to correctly model
the e-cloud profile generated in the presence of two counterrotating beams, slices along the device at given longitudinal
positions have to be simulated, respecting the delay in the
arrival of the two beams as well as variations of the transverse
beam sizes. Long-Range Encounter (LRE) locations, where
the two counter-rotating beams pass simultaneously, occur
at evenly spaced locations along the machine. In between
LREs the delay of one beam with respect to the other is
ranging from -12.5 ns to +12.5 ns (for the HL-LHC bunch
spacing of 25 ns).
The injection protection absorber is a critical machine protection element, which is designed to intercept the beam in
∗
†

Research supported by the HL-LHC project.
galina.skripka@cern.ch

WEPTS052
3236

case of injection kicker malfunctions and timing issues. Currently, in the LHC, there are two similar devices installed in
the common regions, where the two counter-rotating beams,
injected and circulating, share the same chamber. During
the LHC operation, the LHC injection protection absorbers
(TDI) have suffered from vacuum issues, observed when
retracting the jaws after the beam injection, as well as from
heating and other problems [3–5]. For the future HL-LHC
project [6, 7] a new segmented injection protection absorber
(TDIS) has been designed. It will have a beam screen surrounding the circulating beam and three pairs of short movable absorbing blocks to allow for a simpler alignment of the
device with respect to the injected beam [8]. The device has
movable vertical jaws, which are retracted after the injection
of the two beams and before their acceleration.
E-cloud build-up was simulated in the TDIS device with
the HL-LHC 25 ns beams at 450 GeV (beam parameters
listed in [9]). The model of the TDIS absorber is presented
in Fig. 1. The jaws in the first two tanks are made of graphite,
whereas the jaws in the third tank are metallic with a section
in aluminum coated with titanium and a section in copper.
Using PyECLOUD simulations we have studied the e-cloud
build-up in the TDIS absorber for different positions of the
jaws. The possibility of mitigating e-cloud formation by
applying surface coatings has also been studied. More details
about this study can be found in [10].

Figure 1: Top: the 3D TDIS model (from [8]). Bottom: the 2D
PyECLOUD model with the beam positions indicated in blue and
red, the movable jaws in magenta and the beam screen in green.

SIMULATION STUDIES
Due to the non-linearity in the e-cloud build-up process,
the electron density cannot be simply scaled from the case
of the single beam and the build-up in the devices with
common chambers has to be modeled correctly accounting
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FREQUENCY MAP MEASUREMENTS AT THE TPS
C. H. Chen†, M. S. Chiu, J. Y. Chen, F. H. Tseng, B. Y. Chen, B. Y. Huang, T. W. Hsu, W. Y. Lin,
C. C. Kuo, H. J. Tsai, Y. C. Liu, P. J. Chou
National Synchrotron Radiation Research Center, Hsinchu, Taiwan

Abstract
The Taiwan Photon Source (TPS) has been operated now
for several years since its successful commissioning in
December 2014 and has achieved reliable routine operation
up to 500 mA with more than 10 hrs beam lifetime.
Dynamic aperture (DA) measurements and associated
frequency map analyses (FMA) at the TPS reveal beam
dynamics behavior with and without insertion devices. A
preliminary study based on turn-by-turn beam position
monitor (BPMs) is presented in this paper.

conditions as listed in Fig. 1, while three more in-vacuum
undulators are installed but not available for users yet.

INTRODUCTION

The TPS is a 3 GeV 3rd-generation synchrotron light
source in Hsinchu, Taiwan. The lattice structure consists of
24 DBA cells with 6-fold symmetry and its natural
emittance is 1.6 nm-rad. The TPS was successfully
commissioned in the end of 2014 [1]. The TPS has been
operated for users since completion of the commissioning
with seven insertion devices (IDs) [2], superconducting
cavities and now a beam current up to 500 mA. Its linear
optics was implemented and corrected with LOCO [3]. The
peak-to-peak beta-beating and linear coupling had been
corrected to below 1 % and 0.1 % for routine user operation,
respectively [4]. To further understand the nonlinear beam
dynamics behavior, we conducted beam measurements and
analyzed the frequency maps such that the operation
conditions could be optimized.

EXPERIMENTAL SETTING

A lattice with working point (ɓ୶ =26.14, ɓ୷ =14.24) and
chromaticity (Ɍ௫ =0.7, Ɍ௬ =0.8), while ID is open, is utilized
in this study. The multi-bunch mode injection is adjusted
for 10 buckets, 20 nsec bunch trains and a 0.3 mA bunch
current.
Both, horizontal and vertical scrapers and pinger
magnets are installed in the storage ring near the injection
section of the TPS. As shown in Fig. 1, scrapers, located
1.38 m downstream of the injection kicker magnet (K3),
can function to determine the transverse aperture. Both
pinger magnets are placed 1.37 m downstream of the
scraper. Two pinger magnets, with a pulse duration shorter
than twice of the storage ring revolution time, are used to
excite the beam. Because the revolution time for the TPS
is 1.7 μsec, a full half-sine pulse duration in the TPS pinger
of 3-μsec guarantees a one-turn beam excitation.
This study aims on nonlinear phenomena associated with
IDs when their gaps are open or closed. There are seven
IDs in service for users operation and their usual
operational status are determined by experimental
____________________________________________
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Figure 1: Layout of the TPS: the scrapers and pinger
magnets are shown in the upper enlarged picture. The
status of IDs, being open or closed, are listed in the inserted
table.
The BPM signals from Libera electronics [5] could
acquire the beam transverse positions turn-by-turn with a 3
μm rms resolution. However, the non-linear BPM
responses are explored near an amplitude of േ 4 mm and
are saturated at േ6 mm. In order to find the linearity
between amplitudes and BPM responses, the stored beam
was perturbed by varying the pinger strength until the beam
got lost. The amplitudes are normalized with the optical
parameters at the scraper indicating an exact amplitude at
a horizontal beta-function of Ⱦ௫ =10.66 m and a vertical
beta-function of Ⱦ௬ = 7.65 m. Some normalized amplitudes
(black circle) within 4 mm are picked for linear fitting to
find the linear relation (black curve) between amplitude
and pinger strength as shown by the formulas in Fig. 2.

Figure 2: Linear amplitude fit for both pinger magnets. The
amplitudes are normalized to scraper positions (circles)
versus horizontal (a) and vertical (b) pinger strength. Black
circles indicate the linear range for fitting.
The measured integral magnetic fields of the pinger
magnets in the lab are linear to the excitation currents. The
extreme normalized amplitudes at the beam current loss
point (red) indicate an aperture limitation of 11.5 mm and
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PYG4OMETRY : A TOOL TO CREATE GEOMETRIES FOR GEANT4,
BDSIM, G4BEAMLINE AND FLUKA FOR PARTICLE LOSS AND
ENERGY DEPOSIT STUDIES
Stewart Boogert∗ , Andrey Abramov, Joshua Albrecht,
Gian Luigi D’Alessandro, Laurence Nevay, William Shields, Stuart Walker
JAI at Royal Holloway, University of London, Egham, TW20 0EX, UK

Abstract
Studying the energy deposits in accelerator components,
mechanical supports, services, ancillary equipment and
shielding requires a detailed computer readable description
of the component geometry. The creation of geometries is
a significant bottleneck in producing complete simulation
models and reducing the effort required will provide the ability of non-experts to simulate the effects of beam losses on
realistic accelerators. The paper describes a flexible and easy
to use Python package to create geometries usable by either
Geant4 (and so BDSIM or G4Beamline) or FLUKA either
from scratch or by conversion from common engineering
formats, such as STEP or IGES created by industry standard
CAD/CAM packages. The conversion requires an intermediate conversion to STL or similar triangular or tetrahedral
tessellation description. A key capability of pyg4ometry
is to mix GDML/STEP/STL geometries and visualisation
of the resulting geometry and determine if there are any
geometric overlaps. An example conversion of a complex
geometry used in Geant4/BDSIM is presented.

INTRODUCTION

Simulating radiation transport in an accelerator beamline
requires a description of the 3D layout, structure, dimensions
and material properties of the physical objects that the beam
particles can interact with. This description is commonly
referred to as a “geometry model” or “geometry”. In general,
the elements (volumes) in such a model must not overlap,
ensuring that particles can be located in only one volume
at a time. There is also a trade-off between the geometry
detail and the simulation execution time. Because of those
constraints, radiation transport geometries have traditionally
been prepared by hand.
Pyg4ometry started as a python scripting tool to generate beam line geometries for BDSIM. BDSIM is a Geant4
application which allows a user to rapidly create a full three
dimensional model of an accelerator from an optical description. A guiding principle of BDSIM is rapid simulation
of accelerator models, the MADX input format for example can be converted for use in BDSIM in minutes. Rarely
described in accelerator optical descriptions is the geometry of the physical material that comprises the accelerator,
beam-pipe, magnets, supports, tunnel, beam instrumentation
etc. The aim of pyg4ometry is to create a tool in which
complex geometry can be created as quickly as a generic
∗
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BDSIM model. A key requirement is to be able to integrate
and composite geometry sources to a single file.

Particle Transport Codes
There are multiple different Monte Carlo (MC) codes to
simulate the transportation and physics processes of particles
though accelerators and detectors, these include Geant4 [1],
MCMPX [2] and FLUKA [3]. Generally accelerator codes,
like MAD8 [4], MADX [5], Transport [6] etc, are interfaced
to a MC code to produce a complete simulation of beam
losses. Two beam line simulation tools have been developed
on the basis of Geant4; BDSIM [7–9] and G4Beamline [10].

Geometry Generation and GDML
The specification of the geometry of the material surrounding an accelerator can be an exceedingly time consuming
and error prone task. Typically either the detector or accelerator infrastructure is constructed over many years and the
simulation geometry can be created over similar time scales.
This does not allow for rapid simulation of a system as the
burden of creating the geometry is too great. An XML-based
markup language, Geometry Description Markup Language
(GDML) is used as the file format for geometry export in
pyg4ometry.

SOFTWARE IMPLEMENTATION
Pyg4ometry is a collection of python classes that mimic
closely the C++ interface of Geant4. The aim to have all of
the “detector” description classes implemented in python,
these include geometry, materials and optical surfaces. The
pyg4ometry defined geometry can then quickly be written
as a GDML file for loading into BDSIM or G4Beamline.
This is a much quicker interface to a full C++ Geant4 application and any programmed geometry can be viewed quickly
using VTK. Geometry defined using Pyg4ometry can be
converted to a surface triangulation using primitive mesh
generation of each solid in python and a constructive solid
geometry (CSG) library based on Binary Space Partitioning
(BSP) trees. GDML has a simple mathematical expression
language so geometries can be parametrised, this is also
implemented in pyg4ometry using ANTLR [11]. A Python
interface to the geometry primitives of Geant4 allows conversion applications to be developed from FLUKA/STEP/STL
descriptions to pyg4ometry. Finally and most importantly
pyg4ometry provides an interface to GDML, as the python
interpreter performs important syntax checking of large and
complex geometries.
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ENERGY MODULATION OF ELECTRON BEAM IN CORRUGATED
DIELECTRIC WAVEGUIDE
A. Lyapin, K. Lekomtsev, S. T. Boogert, S. M. Gibson, JAI at Royal Holloway,
University of London, Egham, Surrey, UK
A. Aryshev, N. Terunuma, J. Urakawa, KEK: High Energy Research Organisation,
Tsukuba, Ibaraki, Japan
A. A. Tishchenko, National Nuclear University MEPhI, Moscow, Russia

Abstract

Energy modulated electron beams have a wide range of
applications in accelerator physics, for example they can
serve as drivers in resonant wakefield acceleration schemes.
A strong wakefield induced energy modulation can be produced using a dielectric lined waveguide [1], the resultant
micro-bunched beam is capable of producing coherent terahertz radiation. We report on observation of energy modulation due to self-wakefields in a few picosecond duration
and 1 nC charge electron bunches of LUCX facility at KEK.
To produce the modulation, we used a corrugated dielectric
waveguide with an inner radius of 2 mm and a period of corrugation of 10 mm. In this case, the period of corrugation is
longer than the wavelength of the main accelerating mode.
We show electromagnetic simulations of on-axis electric
fields leading to an optimisation of the corrugation period
allowing to enhance the accelerating/decelerating fields compared to dielectric lined waveguides with a constant inner
radius.

DWA ACCELERATION EXPERIMENTS
AT LUCX

Experimental Setup
In our experiments, the beam is first accelerated to up to
8 MeV in a 3.6 cell S-band RF gun, see Fig. 1. It then passes
through the experimental chamber. The linac structure downstream is offline during our experiments, although it can
produce wakefields, so a baseline measurement without a
dielectric structure introduced in the beam path is usually
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taken with every data set. The RF gun introduces a timeenergy correlation in the beam, resulting in a small energy
modulation along the beam contained within the same RF
bucket and resolved by the energy spectrometer consisting
of a bending magnet and a YAG screen. The difference in
energy between bunches of different parts of the same bunch,
is simply transformed into a distance on screen. The screen
can be calibrated, for example by changing the magnetic
field by a known amount.
The structure used in the experiments is shown in Fig. 2.
It is made of stacked up dielectric discs, where smaller inner
diameter disks are used for corrugation irises. The disks are
loaded in a copper sleeve which is mounted to a manipulator stage within the vacuum chamber, and can be retrieved
completely for reference measurements. The dimensions
are shown in Table 1: the aperture of the structure is wide
enough to allow most of the particles in the beam to pass
through without any parasitic interactions even at the relatively low beam energy we had in our experiments.
Table 1: Parameters of the Corrugation
Parameter

Value [mm]

r1
r2
r3
L

2.0
2.2
2.7
60

Figure 1: LUCX facility and DWA experiment.
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CAN A PAUL ION TRAP BE USED TO INVESTIGATE NONLINEAR
QUASI-INTEGRABLE OPTICS?
L. K. Martin∗ , S. L. Sheehy, University of Oxford, Oxford, UK
D. J. Kelliher, STFC/RAL, UK
THE QUASI-INTEGRABLE CASE

Abstract
Here we describe the design of an experimental setup
using the IBEX Paul trap to test nonlinear quasi-integrable
optics, an accelerator lattice design to create stable high
intensity beams. In 2010 Danilov and Nagaitsev found a
realisable nonlinear potential which can create integrable
optics in an accelerator when embedded in a linear lattice
that provides round beams. This concept will be tested in
the IOTA ring at Fermilab. It is important to further test
this concept over a wide parameter range, preferably in a
simplified experimental setup such as IBEX. The IBEX Paul
trap is capable of replicating the transverse dynamics of a
high intensity accelerator without dispersion or chromaticity.

INTRODUCTION

This is a preprint — the final version is published with IOP

Accelerators are primarily designed using linear components, such as dipole and quadrupole magnets. As there is no
coupling between the horizontal and vertical directions in an
ideal linear system, the motion of particles can be described
by two uncoupled Hill’s equations. The invariant of such a
system is the Courant-Snyder invariant. Through the introduction of the Twiss parameters α, β and γ the Hamiltonian
associated with the motion of the single particle becomes
time independent. It can therefore be separated into two
invariants, the horizontal and vertical Hamiltonians. These
equations are solvable, so that the motion of the trapped particle is known to be bounded. The system is then described
as integrable. A system consisting of N degrees of freedom
is integrable if there are also N invariants of the motion [1].
Realistically, accelerators cannot be constructed only from
linear magnets as linear systems are susceptible to perturbations. As non-linear components are inevitable, a nonlinear
lattice that is also integrable is required, known as Nonlinear
Integrable Optics (NIO). It is possible to find a combination
of fields along the particle orbit that lead to a set of equations
with two invariants (making the machine integrable, as the
system has two degrees of freedom, horizontal and vertical).
The challenge in doing this is that the fields must also obey
Maxwell’s equations. In [1] Danilov and Nagaitsev present
a completely integrable solution which is also physically
realisable. If a nonlinear lattice is integrable then even when
effects such as momentum deviation, magnet misalignment
and space charge are included the system will always be
close to an integrable solution.
∗

The fully integrable solution presented in [1] will be tested
at the Integrable Optics Test Accelerator (IOTA) ring at
Fermilab, first using electrons and then protons, with a series
of complex magnets used to create the required nonlinear
potential [2]. However, as creating such a highly non-linear
potential is an ambitious project they will also test the quasiintegrable case, which requires only octupole magnets [3] [4].
The required quasi-integrable potential is given by
 4

k
y 4 3x 2 y 2
x
V(x, y, s) =
+
−
,
4
2
β(s)3 4

(1)

where k is the strength of the focusing and s the distance
around the ring. Such a large nonlinear potential leads to
amplitude dependent particle tunes, resulting in nonlinear
decoherence [5].

PAUL TRAPS FOR ACCELERATOR
PHYSICS
The Intense Beam Experiment (IBEX) at the Rutherford
Appleton Laboratory, Oxfordshire, is a Paul trap used for accelerator physics. A Linear Paul Trap (LPT) confines ions in
the transverse plane using an electrical quadrupole. Because
of this, the Hamiltonian describing the transverse dynamics
of particles in a Paul trap is equivalent to that for an alternating focusing channel in an accelerator [6]. This equivalence
means that LPTs can be used to study resonances and beam
loss in high intensity accelerators effectively. Ion loss in a
LPT does not damage the system or activate components as
the ions stored are of low energy. Furthermore, both cell
tune and intensity can be varied over a large range in a LPT,
accessing a parameter space that would be challenging for a
single accelerator.
We aim to use IBEX, with modifications to meet the requirements outlined in this paper, to test quasi-integrable
optics. The experimental setup of the IBEX LPT has been
described in detail elsewhere [7], so will be covered here
only briefly.

lucy.martin@physics.ox.ac.uk
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Figure 1: Diagram of the IBEX linear Paul trap.
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RECENT STUDIES OF THE RESONANCES AT A CELL TUNE OF 0.25
USING THE IBEX PAUL TRAP
L. K. Martin∗ , S. L. Sheehy, University of Oxford, Oxford, UK
D. J. Kelliher, STFC/RAL, UK
Abstract
We use the IBEX linear Paul trap to study the resonance at
a cell tune of 14 with both equal and unequal transverse tunes,
at a range on intensities. We compare this experimental
result to simulation using the PIC code Warp. We find that
the experimental result differs from the simulation, which
may be explained by the ion loss in the IBEX experiment,
which more closely replicates a real accelerator. Knowledge
of the tune corresponding to greatest beam loss is important
for the design of future high intensity machines.

This is a preprint — the final version is published with IOP

INTRODUCTION
High intensity hadron accelerators are currently used for
a range of applications, both within particle physics and
more generally across science and industry [1] [2]. As beam
intensities increase particle beams become harder to control.
When a large number of particles are confined by an accelerator, space charge forces between particles lead to a change
in the tune, resulting in a depression and spread in the tune
footprint of the beam [3].
The space charge forces and resultant tune spread leads to
a beam that is more likely to encounter a resonance. Furthermore, there is also the possibility of coherent excitation of
the beam [4]. Coherent excitation is thought to be the most
dangerous in terms of beam loss, therefore understanding
coherent resonances is necessary for the design of machines
with increasing intensity.
Without considering space charge effects the resonant
condition is
n
Q0 = ,
(1)
m
where Q0 is the bare tune, n the harmonic and m the order
of the perturbing driving force.
Taking into account the incoherent space charge tune shift,
∆Q, this becomes
Q0 + ∆Q =

n
.
m

THE IBEX PAUL TRAP
(2)

However, further considerations are required. A self consistent solution must be found as all particles interact, and
the excitation of a subset of particles will impact the rest of
the distribution. Without applying the smooth approximation [5] this gives the resonant condition
1 n
,
(3)
Q0 + Cm ∆Q =
2 m
for space charge driven resonances, where the factor Cm is
due to the coherent excitation of the beam [6]. Cm factors
∗
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take values between 0 and 1, increasing in magnitude with
the order of the resonance [7] [8].
High intensity resonance experiments are difficult to perform in accelerators as any beam loss leads to activation of
components of the machine and potential damage. Furthermore, the range of tunes that can be explored in accelerators
is typically small. Because of this, it is advantageous to
study high intensity effects in other ways.
Instead, a Linear Paul Trap (LPT) can be used to experimentally study the transverse dynamics of high intensity
machines [9]. A LPT uses an electric quadrupole to confine
ions transversely, meaning that the Hamiltonian of ions confined in an LPT is equivalent to that of particles moving in
an accelerator. As ions are low energy a large number can
be lost without any activation and a wide range of tunes and
intensities can be accessed.
In [10] the Simulator for Particle Orbit Dynamics (S-POD)
Paul trap is used to study the change in the location of coherent resonances in tune space for equal emittances and
tunes in the horizontal and vertical directions. As we cannot
know for certain whether resonances are coherent, incoherent or indeed a result of competing orders, we assume that
the resonance condition is instead described as
1 n
Q0 + Am ∆Q =
,
(4)
2 m
and extract values of Am using the S-POD experiment [11].
The resonance at a cell tune of 41 is studied in detail.It is found
that the Am factor for this resonance is smaller than the analytically predicted Cm factor due to fourth order incoherent
excitation increasing the emittance of the distribution before the coherent resonance is experienced. In this paper we
build on this work further, studying the 41 resonance with
unequal horizontal and vertical tunes using the Intense Beam
Experiment (IBEX) LPT.

In this experiment we use the IBEX LPT, located at the
Rutherford Appleton Laboratory, UK. The structure of IBEX
has been described in detail elsewhere [12] [13], so here we
will only outline the basic principles.
The structure of the trapping region is shown in Fig. 1, this
trapping region sits inside a larger vacuum vessel maintained
at an ultra high vacuum. The ions are confined transversely
by four cylindrical rods, to which an alternating radio frequency (rf) voltage is applied (Vr f ). The applied voltage
is either a sinusoid or a step function. The same voltage
is applied to opposing rods and the voltage applied to the
second pair of rods has a 180 degree phase difference from
that applied to the first pair. A DC offset of 10 V (VDC ) is
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BDSIM: RECENT DEVELOPMENTS AND NEW FEATURES BEYOND
V1.0∗
L. J. Nevay† , A. Abramov, J. Albrecht, S. E. Alden, S. T. Boogert,
H. Garcia-Morales, S. M. Gibson, W. Shields, S. D. Walker
John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX, UK
J. Snuverink, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
SENSITIVITY AND SCORING

Abstract
BDSIM is a program that creates a 3D model of an accelerator from an optical beam line description using a suite
of high energy physics software including Geant4, CLHEP
and ROOT. In one single simulation the passage of particles
can be tracked accurately through an accelerator including
the interaction with the accelerator material and subsequent
secondary radiation production and transport. BDSIM is regularly used to simulate beam loss and energy deposition as
well as machine detector interface studies. In this paper we
present the latest developments beyond BDSIM V1.0 added
for ongoing studies. For simulation of collimation systems
several new additions are described including new element
geometry, enhanced sensitivity and output information. The
output has been further enhanced with aperture impact information and dose information from scoring meshes. As
well as supporting the full suite of Geant4 physics lists, a
new user interface is described allowing custom physics lists
and user components to be easily included in BDSIM. New
undulator, crystal collimator and wire-scanner elements are
also described.

INTRODUCTION
A common desire is to accurately predict and understand
beam losses in an accelerator. Such losses are simulated for
many reasons including safe operation; minimising radioactivation; and to reduce experimental backgrounds. Such
simulations are typically performed using multiple codes
working in concert as each is specialised in a particular aspect required for such a simulation. Whilst successful, a
more holistic approach has been found in BDSIM [1–4].
BDSIM builds a 3D radiation transport model using the
open source Geant4 physics library [5]. Geant4 provides a
large catalogue of physics processes and particles that are
well validated due to their widespread use, and are regularly updated with the latest experimental data. BDSIM
incorporates accelerator tracking routines in combination
with a geometry library of common accelerator components.
BDSIM allows creation of a full 3D model from an optical description in minutes. Presented here are the latest
developments introduced for ongoing studies since V1.0.
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For any Geant4 or radiation transport model, a major component of the function of the code is reducing and refining
the possible information available in the simulation. For
each unit of simulation (an “event”) a single or few initial
particles are propagate through a model creating potentially
millions of secondary particles that also must be tracked.
Storing coordinates for every step of every particle is impractical, so a simulation must capture the relevant information.

Sensitive Detectors
BDSIM makes use of Geant4 “sensitive detectors” (SD),
which are developer-definable classes that are attached to
chosen volumes in the model and produce the desired information. The most ubiquitous is one to record energy
deposition in materials. BDSIM has been augmented to
include two new SDs. Firstly, a class was added to generate precise impact information and counts for collimators.
As these are typically expected to intercept the beam, it is
important to classify events based on collimator impacts.
A further addition is an SD to identify aperture impacts.
Whilst BDSIM already records the first point a physics process was invoked (as opposed to just a step through a volume)
and the final absorption point of a primary particle, it was
useful to record where the primary first left the accelerator. This also makes comparison with other codes more
conducive.
Since Geant4.10.3 it is possible to attach more than one
SD class to any given volume, however the information
generated by each class attached is not shared. In the case
of energy deposition, the discrete energy loss is attributed
randomly to a point between the end points of the step. If
two SDs perform this action they will be inconsistent in their
information. In the case of a collimator the extra collimatorspecific information is generated as well as the regular energy
deposition information. To overcome this, a new class was
created that allows multiple SDs similar to Geant4, but each
is called in order and has access to the previous SDs output
information.
Originally, only the beam line geometry was sensitive.
BDSIM now has the option of making everything sensitive
to measure for example the energy deposition in the “world”
volume (typically the surrounding air) as well as the energy
leaving the boundary of the model. This allows the user to
determine the fraction of energy deposited in each part of
the model overall easily.
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MULTI-OBJECTIVE OPTIMIZATION OF 3D BEAM TRACKING IN
ELECTROSTATIC BEAMLINES∗
V. Rodin† , J. Resta-Lopez, J. R. Hunt, B. Veglia, C. P. Welsch,
University of Liverpool, UK and The Cockcroft Institute, Daresbury, UK
Abstract
After CERN’s Long Shutdown 2 (LS2) the Extra Low
Energy Antiproton (ELENA) ring will begin transporting
extremely low energy (100 keV) antiproton beams to the
antimatter experiments. To provide simultaneous operation
and obtain the greatest efficiency, transfer lines will be based
on electrostatic optics and short pulse (∼100 ns) deflection.
Unfortunately, only a small number of simulation codes
allow realistic and flexible implementation of such elements
limiting our prediction capabilities of beam behaviour.
In this contribution, methods for accurately modelling
and tracking through electrostatic optical elements are presented, utilising a combination of finite element methods or
experimental measurements with both a modified version
of G4Beamline and BMAD. Multi-objective optimization
techniques are used in order to achieve desirable lattice parameters and beam quality at various points along the transfer lines. Realistic beam distributions obtained via tracking
around ELENA in the presence of collective effects and electron cooling are propagated along the optimized 3D transfer
lines models.

INTRODUCTION
Considering possible errors associated with machine elements is important during the design and construction of all
accelerator systems. Linear machine, synchrotron or transfer
line transmission efficiency might be decreased by intrinsic machine instabilities like the non-uniform field shape
of the magnetic or electrostatic optical elements. Another
issue could be the time dependence of the applied field in
fast deflectors. These effects become more relevant in nonrelativistic cases like the study of extra low energy (<100
keV) antimatter physics [1,2] or in the fields of low energy (≈
MeV/a.m.u) nuclear and atomic physics [3], limiting beam
intensity and compromising expected quality.
The major effort of this study is the extension of capabilities of existing tools and development of new methods
for fast but realistic and thorough particle tracking simulations combined with comprehensive optimization techniques.
Here we show such an implementation of the electrostatic
transfer line from ELENA to the ALPHA experiment [4]
since we may compare our new methods against pre-existing
simulations. Subsequently, it will help to determine and
match beam parameters at the experiment, and eventually
benchmark simulation results with real measurements of
beamlines which will become operational after the LS2.
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For such low energy particles, even small electrostatic
field imperfections may lead to a significant change of the
orbit and expansion of the beam profile. Hence, the simulation techniques should take into account many combined
factors including parameterized shapes of inhomogeneous
and fringe fields, stray magnetic fields, residual gasses, real
geometry of electrodes, space charge effects and other additional scattering and collective effects. In order to compensate for negative impacts, multi-objective optimization may
be applied.

BEAM TRACKING TOOLS
For the investigation into the beam dynamics of the transfer lines, two main programs were used. One of them is
G4Beamline code [5], a Geant4 based project that allows a
user to modify various parameters of provided functionality.
Software flexibility and simplicity make it a very robust tool
on which we base on our primary studies. Another advantage is a simple approach in the implementation of electric
or combined electro-magnetic fields. Additionally, these
fields can be varied in time which gives a user the possibility
to construct complicated structures such as united storage
rings and transfer lines.
The Geant4 based simulation propagates a user-generated
6D beam distribution through the voxelized 3D world taking
into account the aspects changing particle movement and
exploiting the impact of the defined physics processes at each
step. Primarily, the main source of constraints in the beam
transfer line is EM fields. The differential equation of motion
of the particle is solved for propagation inside quadrupole or
dipole field distributions. By default, this is performed using
the so-called Dormand-Prince 5th order integration method
[6] which is commonly used for differential system solving.
However, due to its stepping nature, it usually introduces a
small error (∼10−5 %) which can be mitigated even further
by decreasing step of integration. In addition, numerous
physical models or experimentally based physics lists can be
applied to accurately simulate non-relativistic energy hadron
behaviour [7].
Another tool that was chosen for benchmarking studies is
BMAD [8], a Fortran based subroutine library for relativistic
charged particle simulations in high energy accelerators and
storage rings. Therefore, some low energy effects are not
taken into account. It contains different tracking algorithms
including Runge–Kutta and symplectic field integration. As
opposed to particle tracking codes such as MAD-X [9], combined function lattice elements can be used. BMAD supports
a list of algorithms for a nonlinear optimization for finding
the local minimum (or maximum) of the defined function.
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EXPERIMENTAL TEST OF LONGITUDINAL SPACE-CHARGE
AMPLIFIER IN OPTICAL RANGE
C. Lechner∗ , M. Dohlus, B. Faatz, V. Grattoni, G. Paraskaki, J. Rönsch-Schulenburg,
E. Schneidmiller, M. Yurkov, J. Zemella, DESY, 22607 Hamburg, Germany
V. Miltchev, University of Hamburg, 22761 Hamburg, Germany
Abstract
Longitudinal space-charge effects can act as a driver for short
wavelength radiation production in a longitudinal spacecharge amplifier (LSCA). A single cascade of an LSCA was
tested using the hardware of the sFLASH experiment installed at the FEL user facility FLASH (at DESY, Hamburg).
Scans of the longitudinal dispersion of the chicane were performed with the tightly focused electron beam for different
compression settings, while recording the intensity of the
emission from a few-period undulator. We present experimental results and estimates on electron beam properties.

INTRODUCTION
Longitudinal space-charge (LSC) effects are a driver of the
so-called microbunching instability (MBI) that can compromise the quality of the high-brightness electron bunches
driving modern free-electron lasers (FELs). Unless mitigated by a laser heater, this instability affects the operating of these devices as well as the performance of the FEL
process itself [1–6]. The longitudinal space-charge amplifier (LSCA) [7] exploits LSC effects for the generation of
bunching (and radiation when injected into an undulator) at
short wavelengths. An LSCA is a sequence of amplification
cascades, each one comprising an electron beamline and a
dedicated chicane. In the beamline, higher-current regions
expand longitudinally due to LSC forces. The resulting energy deviations are then converted into density modulations
by the longitudinal dispersion of the chicane. Starting from
shot noise, a strong density modulation can be obtained after
typically two to four cascades.
At SLAC’s Next Linear Collider Test Accelerator
(NLCTA), the impact of compression changes on a threestage LSCA starting from shot noise was studied experimentally [8]. Longitudinal phase-space distributions affected
by MBI were studied at LCLS using an RF deflector [9].
Finally, a microbunching gain process can also be initiated
in a controlled way by generating the electron bunch using
an injector laser with a modulated laser pulse [10] or by
manipulating the electron bunch further downstream in the
machine [11].
In this contribution, we report on recent experiments at
the FEL user facility FLASH at DESY, Hamburg [12]. Highbrightness electron bunches arriving from the energy collimator (dogleg) of FLASH1 were transported along a beamline operated with the electron optics specifically designed
for small transverse beam extent. In a subsequent chicane
∗

christoph.lechner@desy.de

with variable longitudinal dispersion R56 , the beam was
manipulated and the visible emission from a few-period undulator was recorded. This signal enables us to diagnose
longitudinal density modulations in the electron beam and
to infer on its slice energy spread.

EXPERIMENTAL LAYOUT
The schematic layout of the FEL user facility FLASH is
shown in Fig. 1. The superconducting linear accelerator
(linac) driving the FEL delivers high-brightness electron
bunches with energies up to 1.25 GeV. At a repetition rate
of 10 Hz, bunch trains consisting of up to 800 bunches at
a 1-MHz repetition rate can be produced. These bunch
trains are distributed over the undulator beamlines FLASH1
and FLASH2 with a flat-top kicker and a Lambertson DC
septum, enabling full 10-Hz repetition rate operation of both
beamlines.
For these measurements, hardware of the sFLASH seeding experiment [13] was used. It is installed in the FLASH1
electron beamline between the energy collimation section
(dogleg) and the FLASH1 undulator system, compare Fig. 2.
The electron bunches arriving from the dogleg are transported along a beamline section in which LSC effects can
act on the beam and then through a four-dipole chicane with
variable longitudinal dispersion. Eventually, the electron
bunch is transported through an electromagnetic undulator
(5 periods of λ u = 20 cm, Kmax = 10.8). As the electron
bunch traverses the undulator, light pulses in the visible
wavelength range are generated that are extracted from the
beamline by a metallic OTR screen and are recorded by a
camera (the electron bunch is guided around the OTR screen
by another small chicane). For the measurements in this paper, a bandpass filter with a central wavelength of 535 nm and
a bandwidth of 45 nm was inserted into the optical beamline.
Finally, to obtain information about the electron bunches,
the longitudinal phase-space distribution was mapped out in
a combination of transverse-deflecting structure (TDS), an
RF deflector introducing a longitudinal-to-vertical correlation, and a dipole spectrometer. This enabled us to obtain
the peak current for the different compression settings under
study.

RESULTS
Electron bunches with a charge of 0.14 nC, a beam energy
of 748 MeV, and different compression states were transported through an approx. 4-m-long channel operated with a
dedicated optics putting emphasis on minimized transverse
extent. After this section in which LSC effects can act on the
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ZGOUBI STATUS: IMPROVED PERFORMANCE, FEATURES, AND
GRAPHICAL INTERFACE∗
D. T. Abell† , P. Moeller, R. Nagler, B. Nash, I. V. Pogorelov, RadiaSoft LLC, Boulder, CO, USA
F. Méot, Brookhaven National Lab, Upton, NY, USA,
I. B. Beekman, ParaTools, Inc., Eugene, OR, USA
D.W. I. Rouson, Sourcery Institute, Oakland, CA, USA
Abstract
The particle tracking code Zgoubi [1,2] is used for a broad
array of accelerator design studies, including FFAs [3] and
EICs [4, 5]. Zgoubi is currently being used to evaluate the
spin polarization performance of proposed designs for both
JLEIC [6] and eRHIC [7], and to prepare for commissioning
the CBETA BNL-Cornell FFA return loop ERL [8]. We describe our on-going work on several fronts, including efforts
to parallelize Zgoubi using new features of Fortran 2018 [9],
and a new implementation of Zgoubi’s particle update algorithm. We also describe a new, web-based graphical interface
for Zgoubi.

ZGOUBI’S HISTORY AND FEATURES
Zgoubi was originally developed in the 1970s as a spectrometer code. This heritage explains it’s focus on, and capabilities for, detailed particle integration in spatially-varying
magnetic fields. Zgoubi’s particle update algorithm inte®
®
= q(E® + v® × B),
grates the Lorentz force equation, d p/dt
for a charged particle in electric field E® and magnetic field
® For the independent variable, however, it uses distance
B.
s along the particle trajectory. Using a prime (′) to denote
differentiation with respect to s, defining the normalized
velocity u® = v®/v, and expressing the particle momentum as
p® = mγ®v = mγv u® = q(Bρ)®
u,

(1)

where (Bρ) denotes the usual magnetic rigidity, Zgoubi
writes the Lorentz force law in the form
1
d
®
u ′ = E® + u® × B.
(Bρ)®
u = (Bρ)′u® + (Bρ)®
ds
v

optics (i.e. tracking in circular accelerators), spin dynamics [10], electric fields [11], radiation damping effects [12],
as well as sophisticated longitudinal dynamics and in-flight
particle decay. [13]. Here, for example, we give some brief
specifics concerning the oldest and newest features available
to Zgoubi users:
Field maps. A particularly valued member of Zgoubi’s
feature set is its ability to track particles through magnet
field maps. This capability, available from Zgoubi’s earliest
days, has seen especially wide use since the renaissance of
fixed-field alternating-gradient accelerators (FFAs). With
their wide dynamic range and large aperture-to-length-ratio
magnets, FFAs require detailed integration of particle trajectories to validate their design.
A very recent application of Zgoubi’s field map capability
is to the Cornell-BNL Energy-recovery-linac Test Accelerator (CBETA) [14]. This machine is a four-pass, 150 MeV,
40 mA energy recovery linac, with a pair of four spreader
arcs that match each end of the 36 MeV linac to the FFA
return arc. The principal CBETA FFA cell features a closelyspaced pair of Halbach magnets with aperture-to-aspect ratios ∼ 0.7. Figure 1 shows a Zgoubi energy scan of the
periodic orbits crossing this cell [8].
Closed-orbit correction. Zgoubi’s newest capability is
closed-orbit correction using the method of Singular Value
Decomposition (SVD). To use this feature, one inserts into

(2)

Using this equation together with derivatives of the known
electric and magnetic fields, Zgoubi can construct the sequence of derivatives (Bρ)′, u®′, (Bρ)′′, u®′′, etc. Zgoubi then
uses these derivatives to update both position r®, and velocity
u® according to the Taylor series approximation
∆s2 ′
∆s6 (5)
u® + · · · +
u® ,
2!
6!
∆s2 ′′
∆s5 (5)
u® + · · · +
u® .
u® f ≈ u® + ∆s u®′ +
2!
5!
r®f ≈ r® + ∆s u® +

(3a)
(3b)

Since it’s original application to spectrometer design,
Zgoubi’s capabilities have been extended to include cyclic
∗
†
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Figure 1: Zgoubi computation of periodic orbits across the
5° Halbach cell for the CBETA ERL, modeled using OPERA
field maps. There are 64 different energies from 40 MeV
to 166 MeV, with the four design energies, 36 MeV apart,
highlighted.
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SUPPRESSION OF CORRELATED ENERGY SPREAD USING
EMITTANCE EXCHANGE
Jimin Seok† 1,2, Gwanghui Ha2, John Power2, Manoel Conde2, Moses Chung1
1
Ulsan National Institute of Science and Technology, Ulsan, 44919, Korea
2
Argonne National Laboratory, Lemont, 60532, USA
Abstract
An emittance exchange (EEX) provides a precise longitudinal phase space manipulation of electron bunch. It has
been studied for an easy and precise control of temporal
distribution, but controls of energy distribution have not
been explored. Since the energy control using EEX is under the identical principle to the temporal control, the EEX
beamline can control a correlated energy spread of the electron bunch. This would benefit accelerator facilities requiring a low energy spread such as X-ray Free Electron Laser
Oscillator (XFELO). In this paper, we present principle and
preliminary simulation work on the suppression of correlated energy spread using the EEX beamline.

INTRODUCTION
The next generation X-ray source, X-ray Free Electron
Laser Oscillator (XFELO) [1-5], can generates fully coherent X-ray pulses with ultra-narrow bandwidth. One of the
challenging problems of XFELO is the energy spread requirement due to the spectral acceptance of crystal mirrors
[4,5]. XFELO requires ~1E-5 rms energy spread which is
significantly lower than the state-of-art XFELs. There was
optimization work on the conventional linac to satisfy this
tight requirement [5]. Although this simulation work
showed a low correlated energy spread (~1.5E-5), this energy spread calculation only counted the core of the bunch
(0.5 ps). We suggest a new approach to achieve a similar
correlated energy spread from the whole bunch using double emittance exchange (DEEX) beamline.
DEEX beamline consists of two single EEX beamlines
pointing opposite direction and a transverse telescope section [6] in between. The first EEX beamline exchanges the
longitudinal to the transverse phase space so that any transverse manipulation can be applied to the longitudinal phase
space. Following telescope section control the beam size
and divergence, and this transverse beam size and divergence becomes the bunch length and energy spread by the
other phase space exchange from the second EEX beamline.
This EEX based longitudinal telescoping provides two
major advantages compared to conventional linac method.
This method does not require an energy chirp to compress
the bunch. It results in no strong requirement on linac
phase, so on-crest operation would fully use RF power to
accelerate the bunch. Secondly, no extra chirp control is
required after the compression. Since the telescoping is imaging the longitudinal phase space with only scaling, the
____________________________________________
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chirp of the bunch at the exit will be zero if the incident
chirp is zero.
In this paper, we introduce two schemes of correlated energy spread suppression using a DEEX beamline Simulation to demonstrate the concept is done using ELEGANT
[7], and it includes 1D CSR and wakefield from RF linac.
Thin-cavity approximation is applied to transverse deflecting cavities (TDC) for simplicity. This assumption can be
easily obtained by fundamental mode cavity (FMC) followed by TDC [6].

PRINCIPLE OF ENERGY SUPPRESSION
In this section, we introduce two schemes of correlated
energy spread suppression using a DEEX beamline. We
start with description on chicane-based conventional
method. Then, we will explain two schemes using DEEX.
Chicane-based method (Fig. 1) requires a longitudinal
chirp to compress the bunch. This chirp is usually generated by off-crest linac operation, and it requires harmonic
cavities to linearize the longitudinal phase space. After the
chicane compresses the bunch, the remained longitudinal
chirp has to be separately controlled since the chicane does
not control the chirp. Off-crest operation of following accelerating cavities usually de-chirp the bunch, and metallic
structure based de-chirper can be used to eliminate the
chirp instead of off-crest operation [8-9]. W. Qin et al [5]
did optimization work on this conventional method to
achieve the bunch satisfying XEFLO requirements. They
achieved 0.5 ps of flat energy region on the final longitudinal phase space. The rms energy spread in this region was
70 keV.
As mentioned in previous section, the optimization result from the conventional method provided a flat region of
only 0.5 ps. This means the rest of the beam cannot contribute on the lasing. At the same time, it requires inefficient use of linac to generate and eliminate the chirp. Also,
use of harmonic cavities requires more construction and
operation costs. We suggest another method to avoid the
listed demerit of the conventional method using DEEX.
The first scheme uses harmonic cavities to control the nonlinearity on the longitudinal phase space. On the other
hand, the second scheme replaced all harmonic cavities to
a single sextupole magnet.
The bunch compression via DEEX beamline does not require an initial longitudinal chirp. Instead, it requires a
quadrupole to focus the beam. This transverse focusing
becomes a longitudinal compression via phase space exchange. Therefore, accelerating cavities before the DEEX
beamline operates on-crest to maximize the energy gain
from the linac. This on-crest operation imparts quadratic
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A NOVEL S-BASED SYMPLECTIC ALGORITHM FOR TRACKING WITH
SPACE CHARGE ∗
J.P. Edelen† , D.T. Abell, D. L. Bruhwiler, N. M. Cook, C.C. Hall, S.D. Webb
RadiaSoft LLC, 80301, Boulder, CO, USA
Abstract
Traditional finite-difference particle-in-cell methods for
modeling self-consistent space charge introduce nonHamiltonian effects that make long-term tracking in storage
rings unreliable. Foremost of these is so-called grid heating.
Particularly for studies where the Hamiltonian invariants are
critical for understanding the beam dynamics, such as nonlinear integrable optics, these spurious effects make interpreting simulation results difficult. To remedy this, we present a
novel symplectic spectral space charge algorithm that is free
of non-Hamiltonian numerical effects and, therefore, suitable for long-term tracking studies. Results presented here
include a study of the solver’s performance under a range of
conditions. First, we show benchmarking and convergence
studies for a beam expanding in a drift. Then we present
benchmarks for a standard FODO channel comparing with
Synergia. Finally we demonstrate the solver’s ability to preserve Hamiltonian structure by studying the formation of
space-charge driven resonances using both our algorithm
and traditional PIC.

INTRODUCTION
High intensity beams are essential for a variety of high energy physics applications, in particular for meeting demands
of proton drivers for neutrino and neutron production. To
meet these requirements, high current proton synchrotrons
and accumulator rings are needed, for which particle loss via
beam halo is the chief intensity-limiting factor. One novel
idea for suppressing these losses is the nonlinear integrable
optics proposed by Danilov and Nagaitsev [1]. By meeting a
set of conditions, integrability can be maintained even in the
presence of large tune spreads, thereby generating regular
orbits while suppressing collective instabilities.
The Integrable Optics Test Accelerator (IOTA), currently
under construction at Fermi National Laboratory (Fermilab),will provide a testbed for this and other novel concepts
in beam dynamics [2]. However, current simulation techniques present challenges to understanding these dynamics
for intense beams on long time scales. Accurate modeling of
the dynamics of such beams over many turns is susceptible
to the non-symplectic nature of traditional PIC codes.
In this paper we present benchmarking and simulation
studies of a, symplectic, s-based algorithm for tracking
intense beams with self-consistent space charge. This algorithm overcomes the shortcomings of traditional finite∗
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Figure 1: Nonlinear dynamics in the IOTA ring are highly
susceptible to noise induced by traditional finite-difference
PIC codes. Above, the longterm deviation from integrability
scale strongly with particle number.

difference codes because it preserves the Hamiltonian structure, which eliminates grid heating [3]. We demonstrate
the application of this algorithm using a gridless spectral
solver for self-consistent dynamics akin to what was developed in [4]. We present benchmarks against traditional
finite-difference codes and present results of nonlinear beam
dynamics compared with traditional PIC.

ALGORITHM
Here we present an overview of the algorithm and underlying assumptions. For a more detailed discussion concerning
the derivation of these equations see [5].
For a s based tracking code we need to transform the
independent variable from t to s. We then make the following
change of coordinate: (x, y, s) → (x, y, z − β0 ct), where
ξ = z − β0 ct. In most cases, it will be convenient to define
β0 to be the beam beta, but this is not strictly required. We
then may define the canonical momentum pξ according to
pξ = pβτ0 = γmc
β0 , where γ is the particle Lorentz factor in
the lab frame. Note that pξ is related to pτ in a simple way,
and like pτ it is always greater than mc. We also note that
the coordinate transform to ξ is ill-defined at β0 = 0, hence
there is no concern with the appearance of infinite momenta
for a stationary beam.
Four critical assumptions have been made in deriving the
algorithm, which we outline here for convenience. First, we
make the “beam approximation,” that dξ/ds ≪ 1. Next, we
assume that there are no electrostatic elements in our system,
and so the only electrostatic scalar potential follows from the
beam space charge. Following this, we assume that dx⊥ /ds ·
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THE EFFECTS OF STOCHASTIC SPACE CHARGE IN HIGH
BRIGHTNESS PHOTOELECTRON BEAMLINES FOR ULTRAFAST
ELECTRON DIFFRACTION
M. Gordon, Y. K. Kim, University of Chicago, Chicago, IL, USA
J. Maxson, Cornell University, Ithaca, NY, USA
Abstract
As we move to ultra-high brightness photocathodes and
ultra-cold beams, we may become more sensitive to stochastic, point-to point effects such as disorder induced heating
and the Boersch effect, given the failure of Debye screening.
In this study, we explore the effects of stochastic scattering.
Modern beam dynamics codes often approximate point to
point interactions with a potential created by smoothing the
charge over space, removing sensitivity to stochastic effects.
This approximation is often used in beamline optimization,
because it is much faster. We study the limits of validity of
this approximation. In particular, we will simulate effects of
stochastic space charge on a high brightness photoemission
beamline, an ultrafast electron diffraction beamline with a
photocathode temperature of 5 meV with a final beam energy of 225 keV. Emittance dilution in the transverse plane
and transverse beam size relative to smooth space charge
simulations will be presented.

INTRODUCTION
High brightness photoemission sources are a critical enabling technology for many applications, including synchrotron light sources like free electron lasers, high power
accelerators like energy recovery linacs, and accelerator
based electron sources for femtosecond electrton diffraction
and microscopy. In each of these applications, the beam
brightness is a critical figure of merit, and the maximum
beam brightness is set by the photoemission source density
and mean transverse energy (MTE), which is analogous to
an effective photoemission beam temperature.
Great advances have been made in the reduction of photoemission MTE, with advanced cyrocooled photocathode
sources anticipated to reach effective photoemission temperatures approaching ∼ 5 meV. At such small temperautres,
Debye screening is ineffective for high extracted charge densities, and the traditional approximation of the space charge
force arising from a continuous charge fluid fails. Particularly at low energies, direct point-to-point Coulomb repulsion between particles is anticipated to have a large impact on
a beam. However, simulating a high density photoemission
beam by exactly solving Maxwell’s equations for a system
with a large number of particles is CPU intensive and impractical in many cases. However, approximate methods have
been developed which include point-to-point interactions for
near neighbors, while treating long-range interactions via
the mean field. These methods are attractive as the computation time scaling with the number of particles can be much
faster than O(N 2 ).

In this work, we investigate the role of stochastic point-topoint interactions in an ultrafast electron diffraction beamline
with high density, low temperature photoemission conditions.
Beam dynamics simulations were originally optimized including smooth space charge (calculated via the Poisson
equation). Ultrafast electron diffraction (UED) is an ideal
case study for the role of stochastic interactions, as the total
number of electrons per bunch is often small (105 − 107 ) [1],
but for example the short bunch lengths, long coherence
lengths, and small spot sizes required to study atomic dynamics creates peak beam current densities comparable to
those in FEL injectors. Thus we may model each individual
electron in the bunch.
The UED beamline considered here is being commissioned at Cornell. The setup consists of a 225 kV DC gun
followed by 2 solenoids and a normal conducting buncher
Cavity [2]. The beamline layout is shown in Figure 1. In
this gun, the photocathode is cryogenically cooled, and thus
we assume a best case scenario in which the photoemission MT E = 5 meV (60 K). All simulations are performed
with the space charge tracking code General Particle Tracer
(GPT) [3]. In particular, we simulate the case which has
been optimized for 105 electrons per bunch, and compare the
evolution of the beam between the previously used smooth
space charge calculation [2] with a modified Barnes Hut algorithm [4], detailed in the following section, which accounts
for the stochastic nature of particle-particle interactions at
small distances.
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Figure 1: Layout of the cryogenically cooled photoemission
gun and beamline used in the following simulations.

STOCHASTIC SPACE CHARGE
ALGORITHM
To simulate the effects of stochastic space charge in this
beamline, we use a modified Barnes-Hut algorithm in GPT
which both calculates close range interactions and also includes the electron image charge at the cathode.
In the Barnes-Hut method, the effect of stochastic interactions in short range interactions are calculated exactly, while
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FIRST MEASUREMENTS OF NONLINEAR DECOHERENCE IN THE
IOTA RING
C. C. Hall∗ , D. L. Bruhwiler, J. P. Edelen, RadiaSoft LLC, Boulder, USA
A. L. Romanov, A. Valishev, Fermi National Laboratory, Batavia, USA
N. Kuklev, University of Chicago, Chicago, USA

Abstract

The Integrable Optics Test Accelerator (IOTA), at Fermi
National Laboratory is aimed at testing nonlinear optics for
the next generation of high intensity rings. Through use
of a special magnetic element the ring is designed to induce a large tune spread with amplitude while maintaining
integrable motion. This will allow for the suppression of
instabilities in high-intensity beams without significant reduction in dynamic aperture. One important aspect of this
is the nonlinear decoherence that occurs when a beam is
injected off axis or receives a transverse kick while circulating in the ring. This decoherence has been studied in detail,
with simulations, for protons in IOTA both with and without space-charge. However, it has yet to be demonstrated
experimentally. During the first phase of the IOTA experimental program, the ring is operated with 100 MeV electrons, allowing for the study of nonlinear optics without the
complications introduced by space charge. Here we present
measurements taken during the IOTA commissioning, and
an analysis of the results.

IOTA

INTRODUCTION

In many particle accelerators octupole magnets are used
to introduce tune-dependence with amplitude and minimize
collective effects. Introduction of nonlinear elements is necessary to avoid resonances that might be driven in a mostly
linear lattice, however, the price for this damping effect is
a reduction of dynamic aperture and loss of integrable motion. The Integrable Optics Test Accelerator (IOTA) [1] was
constructed at Fermi National Laboratory to study methods
of introducing nonlinearity to the accelerator lattice while
retaining integrability. One method is to employ a special
‘elliptic’ potential [2] that allows for retention of integrability and may provide larger tune spreads and better dynamic
aperture than could be achieved with a pure octupole.
Here we show results of an initial experiment to measure
the rate of nonlinear decoherence provided by the nonlinear
element. Measurements of the centroid damping rate for a
kicked beam are shown with both the nonlinear magnet off
and on. With the nonlinear element in place, the damping
rate is significantly increased. Comparison of the experiment
to calculations of the expected decoherence for the base
lattice shows excellent agreement.

Elliptic Element
The nonlinear magnet constructed for IOTA uses the ‘elliptic’ potential described in [2]. This potential may be
∗

characterized in terms of a unitless strength parameter t and
1
geometric scale factor c, with units of m 2 , that describes
the location of two singularities in the x-plane. The first few
terms of the multipole expansion √
for the√elliptic potential in
normalized coordinates x̂, ŷ = x/ β, y/ β are given by [3]
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Though this expansion is only valid in the region x̂ 2 + ŷ 2 <
c it does allow for approximation of the lowest order amplitude dependence in tune. This will be shown to yield
reasonable agreement to simulations using the exact potential, as long as the emittance is sufficiently small.
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Figure 1: Schematic of IOTA showing position of major
elements. The beam is injected in the center of section
located at 12 o’clock and passes clockwise through the ring.
The nonlinear magnet was placed in the empty section of
the first quadrant.
IOTA is 40 m circumference ring (see the schematic in
Fig. 1), built to accommodate 100 MeV to 150 MeV electrons injected from the FAST linac. Synchrotron light monitors are available in each dipole and twenty one BPMs
are placed around the ring, twenty of which were available
for the measurements shown here. Due to limitations in
the injection system, electrons were injected into IOTA at
100 MeV for this experiment. The primary consequence of
this is that the energy spread appears to be larger than what
would otherwise be predicted at equilibrium, 2.5 × 10−4 versus 1 × 10−4 . The increased energy spread is believed to be
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APPLICATION OF BAYESIAN INFERENCE IN ACCELERATOR
COMMISSIONING OF FRIB∗
Yue Hao and Leo Neufcourt, FRIB/NSCL, MSU, East Lansing, MI, USA
Abstract
We report the application of the Bayesian Inference of
the unknown parameters of the accelerator model using the
FRIB commissioning data. The inference result not only
indicates the value of the unknown parameter but also the
confidence of adopting the value. The Bayesian approach
provides an alternative method to understand the difference
between the accelerator model and the hardware and may
help to achieve ultimate beam parameters of FRIB.

INTRODUCTION
Modern accelerators equip with complex diagnostics
system to probe the beam in both machine commissioning
and operation. A significant amount of diagnostic data
is recorded to understand the statistical properties of the
bunched charged particles. The diagnostic data may be the
first order moment (beam centroid) from beam position
monitors (BPMs), second order moment (beam size) or
sampling of the beam distribution from the projection on
the varies types of the profile monitors. These data are the
only clue to tune the control knobs to make the accelerator
as the machine we designed.
FRIB accelerator delivers up to 400 KW heavy ion beams
to the target to generate rare isotope for nuclear physics
researches. It features various types of diagnostic devices
to probe the beam position and beam profile at different
locations. FRIB is now being commissioned by stage. In
this paper, we use the measurement data of Front End of the
FRIB accelerator [1], which is sketched in Figure 1.
As in all linac accelerator, the initial condition from a
certain starting point largely determines the beam properties
downstream and the machine performance. They have to
be determined as the unknown parameter of the machine
model from the starting point to the location of the diagnostic
devices, with a set of measurement data.
Usually, a fitting routine is adapted to find the unknown
parameters of the model using the measurement data.
However, there are limitations to the fitting method. First,
in most cases, it is not easy to get the uncertainties of the
fitting results. The uncertainties of the unknown parameter
are very important in machine optimization. Second, the
fitting routine tends to lose its efficiency in high dimensional
parameter space.
In this paper, we report an attempt of using Bayesian
Inference to infer the unknown parameters in the model
using measurement data from FRIB Front End accelerator.
The Bayesian Inference algorithm is based on the well known
∗
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Figure 1: 3-D Drawing of Front End accelerator in FRIB.

Bayes’ theorem,
P (H | M) =

P (M | H) · P (H)
P (M)

(1)

Here, H is the hypothesis, which represents the guess of
the distribution of the unknown parameters. M is the set
of measurements. The left-hand side of Eq. 1 is called
posterior probability, the distribution of unknown parameter
with given measurement results. On the right-hand side,
P (M | H) is the possibility of achieving some measurement
result assuming the hypothesis H is valid, while the P(H) is
the prior guess of the distribution before the measurement is
taken. The denominator P(M) is the marginal probability of
measurement M, which is very hard to compute in reality.
Since the direct evaluation of Eq. 1 is difficult, we adopt
the Markov Chain Monte Carlo (MCMC) methods [2], to
sample the posterior probability which is proportional to
P (H | M) ∼ P (M | H) · P (H)

(2)

without evaluating P (M).

MODEL DESCRIPTION
We use the model of the FRIB Front End accelerator,
which starts at the exit of the ion source. The initial 4D linearized beam distribution is unknown, which can be
represented in 4 × 4 matrix:
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BEAM-BEAM EFFECT: CRAB DYNAMICS CALCULATION IN JLEIC
He Huang†1,2, Vasiliy Morozov1, Yves Roblin1, Amy Sy1, Fanglei Lin1, Yuhong Zhang1,
1
Jefferson Lab, Newport News, VA 23606, USA
2
Balsa Terzic , Salvador Sosa2, Isurumali Neththikumara2, 2Old Dominion University, Norfolk, VA
23529, USA
Abstract
The electron and ion beams of a future Electron Ion Collider (EIC) must collide at an angle for detection, machine
and engineering design reasons. To avoid associated luminosity reduction, a local crabbing scheme is used where
each beam is crabbed before collision and de-crabbed after
collision. The crab crossing scheme then provides a headon collision for beams with a non-zero crossing angle. We
develop a framework for accurate simulation of crabbing
dynamics with beam-beam effects by combining symplectic particle tracking codes with a beam-beam model based
on the Bassetti-Erskine analytic solution [1]. We present
simulation results using our implementation of such a
framework where the beam dynamics around the ring is
tracked using Elegant and the beam-beam kick is modeled
in Python.

MOTIVATION
The current Jefferson Lab Electron-Ion Collider (JLEIC)
design relies upon short bunches and high repetition rates
to achieve the desired luminosity unlike most ion colliders
which rely on longer bunches with higher space charge.
Crab crossing is an integral part of JLEIC design. Collider
luminosity formulas assume head-on collisions, thus giving the maximum luminosity for a given beam intensity.
The JLEIC design features a crossing angle of 50 mrad
leading to a Piwinski angle of 16.5 rad. Without compensation of the crossing angle at the interaction point (IP), the
beams no longer collide head-on and JLEIC design would
result in an unacceptable loss of luminosity due to the
beam-beam kicks generating synchro-betatron resonances.
Considering this effect of crabbing, for the JLEIC design,
a local crabbing scheme is used and thus each beam is crabbed before collision and de-crabbed after collision. JLEIC
crab-crossing scheme is similar to what has been used at
KEKB [2]. In detail, the compensation JLEIC is achieved
by “crabbing,” or tilting, each beam by half of the crossing
angle such that the two beams collide head-on in the center
of momentum frame (see Figure 1). Because JLEIC crab
crossing scheme provides a head-on beam-beam collision
for beams with a nonzero crossing angle, it can achieve
high luminosity while meeting the detection and physics
program requirements.
Beam-beam effects are one of the most dominant effects
limiting the luminosity in electron-ion colliders. As discussed in [3], the simulations of crabbing dynamics for the
current symplectic tracking codes such as Elegant do not
include beam-beam effects.

Figure 1: Local crabbing for JLEIC: a schematic of the crab
crossing required to restore head-on collisions.
CASA BeamBeam is a beam-beam interaction package.
Based on Python GUI (Graphical User Interface), CASA
BeamBeam is developed by Jefferson Lab CASA. We
made use of CASA BeamBeam’s implementation which
models the crossing angle, bunch tilt and bunch offset at
the interaction point. The simulation framework is as follows: The particle distribution is initiated at the start point
of the tracking simulation. The beam is tracked through the
first crab cavity and is transported to the IP. At the IP, the
particle distribution information is written out and fed into
a Python script for applying the beam-beam interaction.
The kicked distribution is fed back into Elegant for continued tracking through the second crab cavity and the rest of
the collider ring optics. The simulation flow is illustrated
in Figure 2.

Figure 2: Simulation flow for beam-beam interaction.
The beam-beam interaction model is described in the
following sections.
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EFFECT OF BEAM-BEAM KICK ON ELECTRON BEAM QUALITY IN
FIRST BUNCHED ELECTRON COOLER∗
S. Seletskiy† , M. Blaskiewicz, A. Fedotov, D. Kayran, J. Kewisch, BNL, Upton, USA
Abstract
The low energy RHIC electron cooler (LEReC) currently
under commissioning at BNL is going to be the first nonmagnetized bunched electron cooler (EC). For successful
cooling LEReC requires that the electrons in the cooling section (CS) have small angles with respect to co-propagating
ions. Since there is no strong magnetic field in the CS, the
effects of ions on both the trajectory and focusing of the
e-bunches is critical. In this paper we consider the ion beam
kick on the electron bunches and derive requirements to
the respective alignment of electron and ion beams in nonmagnetized coolers.

the LEReC operation of 1.6MeV) and the peak current of
0.2 A. The RMS length of e-bunches in the CS is 3 cm and
the distance between electron bunches is 43 cm.

INTRODUCTION

This is a preprint — the final version is published with IOP

The low energy RHIC electron cooler [1] is a crucial part
of the RHIC run dedicated to the search of the QCD critical
point in the nuclear matter phase diagram [2].
The LEReC, which is presently under commissioning at
BNL, will be the first EC employing RF acceleration of
electron beam. Traditional electron coolers [3] are utilizing
the DC e-beam. Since the future expansion of the ECs to the
energies exceeding several MeV must be based on the RF
acceleration, the accelerator physics lessons learned from
the LEReC design, commissioning and operation are of utter
importance to the field.
The LEReC accelerator consists of a 400 keV photo-gun
followed by the SRF accelerating cavity, which accelerates
the beam to 1.6-2.6 MeV. The transport beamline and the
merger bring the electron beam to the two cooling sections in
the Yellow and in the Blue RHIC rings separated by the 180o
bending magnet. The ‘blue’ CS is followed by the extraction
to the beam dump.

Figure 1: LEReC cooling sections.
In the LEReC CS (schematically shown in Fig. 1) ‘cold’
e-bunches overlap and co-propagate with ‘hot’ Au ions reducing their emittance and energy spread, thus ‘cooling’.
There are 30 electron bunches overlapping with each ion
bunch (see Fig. 2). The nominal ion bunch has Gaussian
longitudinal distribution with RMS length σzi = 3 m (for
∗
†
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Figure 2: Ion and electron bunches in LEReC CS. Electron
bunches are color coded based on their longitudinal position
with respect to ion bunch.
Each LEReC CS contains 8 solenoids combined with
trajectory correctors and the BPMs located downstream of
each solenoid. The distance between solenoid centers Ls2s =
3 m.
The LEReC is a non-magnetized EC - it doesn’t utilize
strong magnetic field in the cooling section. The short CS
solenoids are used only for correction of the beam envelope.
Under some commissioning scenarios the CS solenoids
could be switched off completely. A similar example where
only a weak magnetic field was employed in the cooling
section, is relativistic DC electron cooler at FNAL [4, 5].
Successful cooling of the ions in non-magnetized EC requires small transverse electron angles in the CS (in LEReC
case angles must be < 100 µrad). Among the reasons for
the possible large electron angles with respect to ions are
the CS ambient magnetic field [6], the mismatch of e-beam
envelope to the cooling section [7], the misalignment of the
CS solenoids and the angular misalignment of electron and
ion trajectories [8]. Yet another possible reason for relative
electron-ion angles is the beam-beam kick (BBK) experienced by the e-bunch transversely displaced with respect
to the center of the ion bunch. This effect also limits the
applicability of some cooling optimization techniques used
in FNAL EC.
In this paper we study the requirements set by the ionelectron BBK to the accuracy of transverse overlap of the
ion and electron bunches.

THEORETICAL CONSIDERATIONS
Let us consider the dynamics of a single electron probing
longitudinal slice of the ion bunch with current Ii .
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CHAOS INDICATORS FOR STUDYING DYNAMIC APERTURE
IN THE IOTA RING WITH PROTONS∗
Kilean Hwang† , Chad Mitchell, Robert Ryne
Lawrence Berkeley National Laboratory, Berkeley, USA
Abstract
The Integrable Optics Test Accelerator (IOTA) is a novel
storage ring under commissioning at Fermi National Accelerator Laboratory designed (in part) to investigate the
dynamics of beams in the presence of highly nonlinear transverse focusing fields that generate integrable single-particle
motion. In this study, we explore the sensitivity of the lattice
dynamic aperture in the presence of nonlinear space-charge.
For this purpose, two distinct chaos indicators are compared
(frequency map analysis and forward-backward integration).
Because the integrability of motion requires integer betatron
tune advance between passes out of the nonlinear magnetic
element, a large role is played by space-charge-induced tune
spread. As a result, these tools are also applied to a toy
model of the IOTA lattice to investigate the sensitivity of
dynamic aperture to violations of the integer tune advance
condition.

Figure 1: Illustration of FB. The planes represent the phasespace at different integration steps. The black curve is an
exact orbit, red curve is the numerical integration forward
in time and the blue is the numerical integration backward
in time. 𝛿𝑖 are numerical round off errors at 𝑖-th step, ℎ is
the integration step size, and 𝜆 is the growth rate which is
expected to be associated with the positive Lyapunov exponents.

MOTIVATION
In one of the IOTA operation mode, a special nonlinear
magnet is inserted so that single particle transverse dynamics is highly nonlinear but integrable [1, 2]. Small perturbation like the space-charge force can destroy some of invariant tori thereby limiting the dynamic aperture. However,
studying dynamic aperture with space-charge requires heavy
numerical loads including large number of particles, field
discretization modes and revolutions over the ring. In this
proceeding, we solve such a difficulty with two approaches.
One is to model the space-charge effect by a simplified toy
model to represent space-charge induced tune depression.
The other one is to use an relatively faster chaos indicator
‘forward-backward (FB) integration’ and compare it with
the frequency map analysis [3].

CHAOS INDICATORS: FB AND FMA
When a system is symmetric under time reversal, the numerical integration forward and backward in time can be
used to indicate how sensitive the orbit is under small initial
condition perturbation. It can be understood in the following way as illustrated in the Fig. 1. Consider a numerical
integration forward in time. In each integration step, there is
numerical error associated with the finite digits of precision.
If we assume that the round-off error can be regarded as a
random variable of zero mean, it will accumulate linearly
with the time for regular orbits. However, for chaotic orbits
∗
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having positive Lyapunov exponents, the round off error
can accumulate and grow exponentially. The accumulation
and growth of the error can be measured by comparing the
difference between the forward and backward orbit. The
resolution is expected to grow exponentially over the time interval. On the other hand, the resolution of FMA depends on
the measurement accuracy of the frequency, so proportional
to the inverse power law of the time interval [3].
In order to quantify the indicators, we define:
Δ𝐹𝑀𝐴

≡

log10 √Δ𝜈2𝑥 + Δ𝜈2𝑦 ,

(1)

Δ𝐹𝐵

≡

log10 √

1 𝑇 −1
∑ Δ (𝑡) ,
𝑇 𝑡=0 𝑛

(2)

Δ𝑛 (𝑡)

≡

Δ𝑥𝑛2 (𝑡) + Δ𝑝2𝑥,𝑛 (𝑡) + Δ𝑦𝑛2 (𝑡) + Δ𝑝2𝑦,𝑛 (𝑡) ,

where Δ𝜈𝑥 , and Δ𝜈𝑦 are the horizontal and vertical tune
differences over the successive two time intervals 𝑇 and
Δ𝑥𝑛 (𝑡) is the coordinate difference between the forward and
backward integration at the turn number 𝑡.

IOTA MAP MODEL
IOTA can be described by the following on-momentum
Hamiltonian [4] in (dimensionless) normal coordinate 𝑥𝑛 ,
𝑦𝑛 , 𝑝𝑥,𝑛 , and 𝑝𝑦,𝑛
𝐻𝑁 =

1 2
(𝑝 + 𝑝2𝑦,𝑛 + 𝑥𝑛2 + 𝑦𝑛2 ) − 𝜏𝑈 ,
2 𝑥,𝑛

(3)

where 𝜏 is the (dimensionless) strength of the nonlinear
potential and with 𝑧 ≡ 𝑥𝑛 + 𝑖𝑦𝑛 ,
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ANALYSIS OF PARTICLE NOISE IN A GRIDLESS SPECTRAL POISSON
SOLVER FOR SYMPLECTIC MULTIPARTICLE TRACKING
C. E. Mitchell∗ , Ji Qiang, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract
Gridless symplectic methods for self-consistent modeling
of space charge in intense beams possess several advantages
over traditional momentum-conserving particle-in-cell methods, including the absence of numerical grid heating and
the presence of an underlying multi-particle Hamiltonian.
Despite these advantages, there remains evidence of irreversible entropy growth due to numerical particle noise. For
a class of such algorithms, a first-principles kinetic model
of the numerical particle noise is obtained and applied to
gain insight into noise-induced entropy growth and thermal
relaxation.

INTRODUCTION

Distinguishing between physical and numerical emittance
growth observed in long-term tracking of beams with space
charge is critical to understanding beam performance at high
intensities. Numerical emittance growth has been modeled
as a collisional increase of the beam phase space volume
driven by random noise caused by the use of a small number of macroparticles, and intimately related to the beam
entropy [1]. Recently, several authors have developed methods for multiparticle tracking (in plasmas or beams) using
variational or explicitly symplectic algorithms designed to
preserve the geometric properties of the self-consistent equations of motion [2–4]. The multi-particle symplectic algorithm described in [4] is sufficiently simple that field fluctuations and emittance growth on a single numerical step can be
studied analytically [5]. In this paper, we develop a kinetic
formalism to better understand the dynamical evolution of
particle noise in this and similar algorithms.

SYMPLECTIC SPECTRAL ALGORITHM

We extend the algorithm described in Section III of [4] to
treat the Poisson equation in a general bounded domain Ω ⊂
ℝ𝑑 (𝑑 ≤ 2) with conducting boundary 𝜕Ω. The symplectic
map describing a numerical step in the path length coordinate
𝑡 is performed by applying second-order operator splitting
to the following multi-particle Hamiltonian:
𝑁

1 𝑁
𝐻𝑁 = ∑ 𝐻ext (𝑟𝑗⃗ , 𝑝𝑗⃗ , 𝑡) +
∑ 𝐺(𝑟𝑗⃗ , 𝑟𝑘⃗ ).
2𝑁 𝑗,𝑘=1
𝑗=1

(1)

Here 𝐻ext is the single-particle Hamiltonian in the external
applied fields, 𝑁 denotes the number of simulation particles,
and 𝐺 denotes a two-body interaction potential, given by:

∗

𝑀

𝐺(𝑟,⃗ 𝑟 ′⃗ ) = − ∑
𝑙=1
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𝑛
𝑒 (𝑟)𝑒
⃗ 𝑙 (𝑟 ′⃗ ),
𝜆𝑙 𝑙

(2)

where 𝑀 denotes the number of computed modes and 𝑛 is
a space charge intensity parameter. The smooth functions
𝑒𝑙 (𝑙 = 1, 2, …) form an orthonormal basis for the space of
square-integrable functions on the domain Ω, and satisfy:
∇2 𝑒𝑙 = 𝜆𝑙 𝑒𝑙 ,

𝑒𝑙 ∣𝜕Ω = 0,

(𝜆𝑙 < 0).

(3)

It follows from (1-3) that each particle moves in response to
a space charge potential 𝑈 satisfying the Poisson equation:
∇2 𝑈 = −𝜌,

𝑈|𝜕Ω = 0,

(4)

where 𝜌 is a particle-based approximation to the beam density, given by taking the first 𝑀 modes:
𝑀

𝜌 = ∑ 𝜌𝑙 𝑒𝑙 ,
𝑙=1

𝜌𝑙 =

𝑛 𝑁
∑ 𝑒 (𝑟 ⃗ ).
𝑁 𝑗=1 𝑙 𝑗

(5)

Due to the factorized form of the interaction (2), the computational complexity of each timestep is ∼ 𝑂(𝑁𝑀).

STATISTICAL APPROACH
Neglecting the error due to finite timestep, and holding
the number of modes 𝑀 fixed, the system of particles is
described by the 𝑁-body Hamiltonian (1). For simplicity,
consider a constant focusing system, so that 𝐻ext in (1) is
independent of 𝑡. Assume that initial particle coordinates
𝑧𝑗 = (𝑟𝑗⃗ , 𝑝𝑗⃗ ), 𝑗 = 1, … , 𝑁 are randomly sampled from a
probability density 𝑓0 on the single-particle phase space.
The joint probability density on the 𝑁-body phase space
describing the particles at 𝑡 = 0 is:
𝑁

𝑃𝑁 (𝑧1 , … , 𝑧𝑁 ; 0) = ∏ 𝑓0 (𝑧𝑗 ).

(6)

𝑗=1

The evolution of the joint probability density is governed by
the Liouville equation 𝜕𝑃𝑁 /𝜕𝑡 + {𝑃𝑁 , 𝐻𝑁 } = 0, and we are
interested in the single-particle density function 𝑓:
𝑓 (𝑧, 𝑡) = ∫ 𝑃𝑁 (𝑧, 𝑧2 , … , 𝑧𝑁 ; 𝑡)𝑑𝑧2 … 𝑑𝑧𝑁 .

(7)

This can be obtained from the BBGKY hierarchy obtained
from (1), or by studying the Klimontovich density:
𝑓𝐾 (𝑧, 𝑡) =

1 𝑁
∑ 𝛿(𝑧 − 𝑧𝑗 (𝑡)),
𝑁 𝑗=1

(8)

where (𝑧1 (𝑡), … , 𝑧𝑁 (𝑡)) is an orbit of (1) with random initial
condition sampled from (6). It follows that 𝑓 = E[𝑓𝐾 ].
Given any density function ℎ on the single-particle phase
space, we define a single-particle Hamiltonian 𝐻𝑀𝐹 [ℎ] by:
𝐻𝑀𝐹 [ℎ] = 𝐻ext + 𝐻𝑆𝐶 [ℎ],

(9a)
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AN ANALYTIC APPROACH TO EMITTANCE GROWTH FROM THE
BEAM-BEAM EFFECT WITH APPLICATIONS TO THE LHeC*
E. Nissen†, Jefferson Lab, Newport News, Virginia, USA
D. Schulte1, CERN, Meyrin, Switzerland
Abstract
In colliders with asymmetric rigidity such as the proposed Large Hadron electron Collider, jitter in the weaker
beam can cause emittance growth via coherent beam-beam
interactions. The LHeC in this case would collide 7 TeV
protons on 60 GeV electrons, which can be modeled using
a weak-strong model. In this work we estimate the proton
beam emittance growth by separating out the longitudinal
angular kicks from an off-center bunch interaction and produce an analytic expression for the emittance growth per
turn in systems like the LHeC.

function at IP, σjitter is the offset jitter, and σx is the transverse beamsize. Finding < Δpx2> is our main challenge [3]
since it depends on the path of the electron beam through
the proton beam.

INTRODUCTION
The beam-beam effect is the term given to the mutual
lensing action that each beam in a collider causes on the
other. In the proposed Large Hadron electron Collider
(LHeC) the colliding beams would have an asymmetric
collision between a 7 TeV proton beam, and a 60 GeV electron beam from a dedicated recirculating linac [1]. Due to
the asymmetric rigidities in these beams, the beam-beam
tune shift is 9.6x10-5 for the proton beam and 0.75 for the
electron beam, it is the coherent effects that will drive emittance growth. These coherent effects will add different
transverse momentum changes to different parts of the
beam, increasing emittance. Since this is a linac-ring system, the offset jitter that drives this increase will not reach
an equilibrium, since the linac will continuously add a new
beam with new jitter [2].

This is a preprint — the final version is published with IOP

GROWTH MECHANISM
Due to the asymmetric rigidities, the proton beam can
pull the electron beam in and through the proton beam.
This action will add transverse kicks in a manner that is
coupled with the longitudinal position of the beam. An example of the kicks given are shown in Fig. 1. Using the
definition of a change in emittance for a given transverse
∆𝑝 〉 〈𝑥𝑝 〉 , we find that we
dimension, 〈𝑥 〉〈 𝑝
can isolate the Δpx term as 𝜀 1 〈∆𝑝 〉〈𝑥 〉/𝜀 . If we
collect terms and realize that <x2>=ε0β*, then we can estimate,
∆𝜀

𝛽𝛾 𝛽 ∗

∆𝑝

.

Figure 1: This figure shows the angular offset of the proton beam as a function of longitudinal position caused by
an electron beam moving through the proton beam with
an offset of 0.2 σx. Absolute is the total kick re-ceived,
while relative is the kick with the average sub-tracted out.

DETERMINING <ΔPX2>
The simplest method of determining the < Δpx2> would
be to integrate the kicks received by the proton beam based
on the relative position of the electron beam as they collide.
The kicks are modeled using the Basetti-Erskine formula
[4], and we have started out with three methods of determining the path of the electron beam through the proton
beam. One simple way is to model the system in a beambeam code such as GUINEA-PIG [5], another is to directly
integrate using the equations of motion, and finally an attempt at a polynomial ansatz was made. The paths these
methods make through the LHeC proton beam are shown
in Fig. 2.

(1)

Where Δεn is the change per interaction of the normalized
emittance (βγ) are the relativistic quantities, β* is the β
___________________________________________

* Notice: Authored by Jefferson Science Associates, LLC under U.S.
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Figure 2: This figure shows the comparison of the three
methods used to calculate the path of the electron beam
through the proton beam. The dotted line shows the path
as calculated using GUINEA-PIG, the red line is the
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LUMINOSITY STUDIES OF ASYMMETRIC CRAB CROSSING IN JLEIC*
E. Nissen†, Jefferson Lab, Newport News, VA, USA
Abstract
The proposed Jefferson Lab Electron Ion Collider
(JLEIC) currently plans to use a crab crossing scheme to
maximize the available luminosity. It had been suggested
that space and cost savings, as well as hadron beam quality
improvements, could be realized by leaving the ion beam
un-crabbed and increasing the crabbing angle of the electron beam. This and variations in-between equal and totally
one-sided crabbing are examined for both JLEIC and LHC
parameters, with various changes in crabbing angle and
frequency studied to maximize luminosity.

INTRODUCTION
This work aims to determine whether it would be possible to use different crabbing angles in a collider system to
get the type of luminosity increase that you would get from
symmetric crabbing. Crabbing is the process whereby each
bunch is given differential kicks along their length. In a
collider where the beams cross at an angle, the rotation
caused by crabbing would have the bunches collide nearly
head-on, eliminating any luminosity reduction from the
crossing angle [1]. The possibility of only crabbing one
bunch has appeal for systems like the Jefferson Lab Electron Ion Collider (JLEIC) where it would be easier to crab
the electrons than the protons.
In this work we use the formalism developed in [2].
Namely that in order to model the collision angle we recast
our position equations as:
�
�
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(1)
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Where the density function for a given dimension is,
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And the total luminosity of the system is given as,
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In this system θc is the crossing angle of the bunches, and
θcr1 and θcr2 being the crabbing angles on bunches 1 and 2
respectively. The terms kcr1 and kcr2 represent the wave
numbers of the crabbing cavities, c is the speed of light,
Nb1 and Nb2 are number of particles per bunch in bunches
1 and 2 respectively, while nb is the total number of
bunches. This formalism does not take the hourglass effect
into account, it also doesn’t model pinch or beam-beam effects.

JLEIC RESULTS
In the JLEIC case we use the baseline parameters as of
summer 2018, listed in Table 1.
Table 1: The JLEIC Parameters Used in this Simulation
Parameter
Value
Nb1
0.98x1010
Nb2
0.93x1010
θc
25 mr
Fcrab
952.6 MHz
σx, σy
30 μm
σz
1 cm
The original question posed in this work was whether or
not we could gain full luminosity by only crabbing one of
the beams and not the other. This would make the system
simpler since it is easier to crab electrons than ions. We
performed a numerical integration of Eq. 6 using Mathematica, and found that the equally crabbed bunches have a
luminosity of 1.9x1033 cm-2s-1, the un-crabbed collisions
have a luminosity of 4.48x1032 cm-2s-1, and the system
where one is un-crabbed and the other double-crabbed has
a luminosity of 4.52x1032 cm-2s-1. The short answer is that
it doesn’t work. However, if we plot out the luminosity of
a system where one beam is un-crabbed, and we vary the
crabbing of another, we get Fig. 1.

(6)
,
(7)

* 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
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Figure 1: This plot shows the luminosity varying the
crabbing angle of one bunch, while leaving the other uncrabbed.
If we expand this to varied levels of crabbing in both directions, then we will get what we see in Fig. 2.
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MULTIPASS SIMULATIONS OF SPACE CHARGE COMPENSATION
USING AN ELECTRON COLUMN AT IOTA ∗.
B. Freemire† , S. Chattopadhyay1 , Northern Illinois University, DeKalb, USA
E. Stern, Fermi National Accelerator Laboratory, Batavia, USA
C.S. Park, Korea University Sejong Campus, Sejong City, South Korea
C.E. Mitchell, R.D. Ryne, Lawrence Berkeley National Laboratory, Berkeley, USA
1 also at Fermi National Accelerator Laboratory
Abstract
Defocusing repulsive forces due to self space charge ﬁelds
lead to degradation of high-intensity particle beams. Being
of particular concern for low- and medium-energy proton
beams, they result in emittance growth, beam halo formation, and beam loss. They set stringent limits on the intensity
of frontier accelerators; therefore, the mitigation of space
charge eﬀects is a crucial challenge to improve proton beam
intensity. The space charge eﬀects in a positively charged
proton beam can be eﬀectively compensated using negatively charged electron columns. In this paper, we present
the results of simulations using Synergia of the Electron Column lattice for IOTA. Beam loss due to space charge eﬀects
and aperture restrictions have been studied, as well as bunch
formation and matching using an adiabatic ramp of the RF
cavity. The results show the need for space charge compensation, and provide the basis for integration of the Synergia
and Warp codes in order to form a complete simulation of
space charge compensation using an Electron Column in
IOTA.

sation, and provide the basis for studying the long term
evolution of the plasma [6]. A more complete understanding
of the beam evolution is needed, so the work reported here
was done to include the rest of the IOTA ring and lay the
foundation for a complete simulation of both the beam and
plasma over relatively long periods of time.

SIMULATION PARAMETERS
IOTA will reuse Fermilab’s High Intensity Neutrino
Source (HINS) RFQ for its proton injector [4]. The HINS
RFQ operates at 325 MHz, 1 Hz maximum repetition rate,
and can deliver up to 8 mA beam current. The revolution
period for the 2.5 MeV protons in the 40 m circumference
IOTA ring is 1.83 μs. At injection, the single RF cavity in
IOTA will not be operated, allowing the beam exiting the
RFQ with a dp/p of 0.1% to coast until it completely ﬁlls the
ring. A single RF cavity, operated with a harmonic number
of 4 (2.18 MHz), will be used to bunch the beam in IOTA.
Table 1 lists relevant beam and ring parameters.
Table 1: Beam and IOTA ring parameters

INTRODUCTION
Space charge compensation is commonly used in H+ or
−
H sources and linacs. It has been implemented with varying
degrees of success in circular machines at the Institute of
Nuclear Physics [1] and Fermilab [2, 3]. The Integrable
Optics Test Accelerator (IOTA) at Fermilab’s Accelerator
Science and Technology (FAST) Facility aims to study the
impact of space charge compensation implemented through
both an Electron Lens and Electron Column on an intense,
low energy proton beam [4, 5].
The Electron Column concept relies on building negative
charge to counter the space charge force of the beam through
ionization of hydrogen gas conﬁned to a short section of
the ring. Electric and magnetic ﬁelds will be used to match
the proﬁle of the ionization electrons to that of the beam,
while the gas density will be tuned to prevent under- or overcompensation.
Simulations of the Electron Column over two beam passes
have been done using the particle-in-cell (PIC) code, Warp,
in order to demonstrate some initial space charge compen∗
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Parameter
Beam Energy
Relativistic β
dp/p after RFQ
Circumference
Revolution period
Maximum beam current
RF cavity frequency (harmonic)
Number of particles per bunch
Transverse RMS emittance
RMS beam size, x, y

Value

Units

2.5
0.0728
10−3
39.968
1.83
8
2.18 (4)
2.21×1010
10
5.10, 3.72

MeV

m
μs
mA
MHz
μm
mm

Synergia
The work reported here was done using the PIC code Synergia [7, 8]. The lattice for the Electron Lens implemented
in MAD-X [9] was used with sextupoles turned oﬀ. For simulations involving space charge, at 2.5D Poisson solver with
open boundary conditions was used [10, 11]. This solver
works by ﬁnding the total beam charge and then applying
the appropriate transverse momentum kick in each grid cell
based on the electromagnetic ﬁeld within that cell.
A 32x32x64 grid was used, with 131,072 macroparticles,
representing 1 or 2 mA beam current when space charge
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INTEGRATION OF CAVITY DESIGN AND BEAM DYNAMICS
SIMULATION USING THE PARALLEL IMPACT AND THE ACE3P
CODES*
J. Qiang#, D. Bizzozero, LBNL, Berkeley, CA 94720, U.S.A.
C. Ng#, L. Ge, Z. Li, L. Xiao, SLAC, Menlo Park, CA 94025, U.S.A.
Abstract
The 3D parallel code IMPACT code suite has been
extensively used in the beam dynamics study of
photoinjectors while the 3D parallel code ACE3P has
been extensively used in RF cavity design. In this paper,
we propose integrating the ACE3P cavity design and the
IMPACT beam dynamics simulation into a single work
flow. Such a workflow enables fast simulation of 3D
effects (e.g. from a RF coupler) on high performance
computers.

INTRODUCTION
Next generation x-ray free electron laser (FEL) light
source and ultra-fast electron diffraction/microscopy
(UED/UEM) put stringent requirements for high electron
beam quality. In order to design and to optimize
accelerators to generate such high brightness beams, highfidelity simulations that include both self-consistent
charged particle interactions among electrons inside the
beam and external fields including realistic RF details of
beamline components are needed.
While advanced simulation codes for electromagnetics
or beam dynamics are available, the former cannot
perform efficient beam transport calculations and the
latter cannot calculate the electromagnetic fields with
sufficient fidelity. The development of an integrated
modeling tool that can simulate all these physical
characteristics in accelerators will benefit the design,
optimization and commissioning of existing and future
light sources and UED/UEM applications. The tool would
be able to perform large-scale simulations to address
system-level 3D effects. In this paper, we propose to
integrate the parallel electromagnetics code suite ACE3P
[1] for accurate 3D calculation of beamline components
EM fields and the parallel beam dynamics particle
tracking code IMPACT [2] for beam transport simulation
with space charge effects. The code integration provides a
unique HPC capability on supercomputers to address
critical design and operation issues including beam
breakup, beam quality and machine protection for light
sources such as LCLS-II.

ACE3P-IMPACT INTEGRATION
We begin with a brief description of the
electromagnetics code suite ACE3P, developed at SLAC,
and the beam dynamics code framework IMPACT,
developed at LBNL.
___________________________________________
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ACE3P is a parallel finite element electromagnetics
modeling suite developed for accelerator cavity and
structure design including integrated multiphysics effects
in
electromagnetic,
thermal,
and
mechanical
characteristics. The electromagnetic modules of the
program are discretized in the frequency domain and time
domain for the computational volume inside an
accelerator cavity, while the thermal and mechanical
solvers are formulated in the frequency domain for the
computational volume of the cavity walls and their
surroundings. Six simulation modules have been
developed in ACE3P to address different physics aspects
of accelerator applications [3-5]. The modeling
capabilities of each ACE3P module [6] are summarized as
follows:
(1) Omega3P, an electromagnetic eigensolver in the
frequency domain for calculating the resonant modes and
their damping in accelerator cavities;
(2) S3P, an electromagnetic solver in the frequency
domain for determining the transmission of
electromagnetic fields in open accelerator structures;
(3) Track3P, a particle tracking code in the time domain
for tracking electrons in accelerator structures under the
influence of external static or dynamic electromagnetic
fields for studying multipacting and dark current;
(4) T3P, a time domain solver for the computation of
wakefield excited by a charged particle beam and for
studying transient effects from external electromagnetic
excitations;
(5) Pic3P, a full-wave particle-in-cell solver in the time
domain for simulations of space-charge dominated
devices;
(6) TEM3P, a multi-physics module consisting of thermal
and mechanical solvers for the analysis of integrated
electromagnetic, thermal and mechanical effects in
accelerator cavities and structures. In addition to these
application modules, preprocessing tools for handling
mesh formats and evaluating mesh entity statistics,
postprocessing tools for visualization and analysis of
simulation results, as well as a cavity shape optimization
tool [7, 8] have also been implemented.
IMPACT is a parallel particle-in-cell code suite for
modeling high intensity, high brightness beams in RF
proton linacs, electron linacs, and photoinjectors [9-21]. It
consists of two parallel particle-in-cell tracking codes
IMPACT-Z and IMPACT-T (the former uses longitudinal
position as the independent variable and allows for
efficient particle advance over large distances such as in
an RF linac, the latter uses time as the independent
variable and is needed to accurately model systems with
WEPTS088
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MICROBUNCHING INSTABILITY MITIGATION VIA MULTI-STAGE
CANCELLATION
∗

Biaobin Li1,2 , Ji Qiang2,
1 University of Science and Technology of China, [230029] Hefei, China
2 Lawrence Berkeley National Laboratory, [94720] Berkeley, USA
ABSTRACT
The microbunching instability driven by beam collective
effects in the linear accelerator of a free electron laser (FEL)
facility can significantly degrade electron beam quality and
FEL performance. Understanding and control of the instability is a priority for the design of modern high-brightness
electron accelerators. In this paper, we study an instability cancellation phenomenon due to 180◦ phase slippage
of the current modulations between different amplification
stages. A case study of using a nonisochronous dogleg section in a double compression scheme to cancel the current
modulation is illustrated.

after traveling through drift 1. And then, energy modulation
is transformed into density modulation after the electron
beam passes through BC1, where we can see 180◦ phase
slippages of the density profile compared with the initial current modulation. Repeating this process, by proper choosing
the value of momentum compaction factor R56 in BC2, we
can smooth the final density profile by making use of the
180◦ phase slippages after BC2, due to the fact that LSC
impedance is purely imaginary. This simple model indicates that by careful design of the facility, microbunching
instability may be mitigated after multi-stage transportation.

INTRODUCTION
The microbunching instability (MBI) in linacs can
limit the performance of high-brightness linac-driven light
sources such as free electron lasers by degrading the beam
quality. The instability stems from some small undesired
density fluctuations, and then get amplified by the energy
modulations induced by the collective effects when the beam
transfers through dispersive regions with nonzero R56 [1–3].
A number of methods have been proposed to mitigate the
instability by using a laser heater to increase the beam uncorrelated energy spread before bunch compressors [4, 5] or by
using transverse-to-longitudinal coupling from dispersive
elements [6–10].
For multi-stage amplifications that consists of two bunch
compressors (BCs) and a nonisochronous dogleg, we observed a microbunching gain cancellation phenomenon due
to the phase slippages of the current and energy modulations
between different amplification stages. And this may result
in instability cancellation rather than the high-gain klystronlike amplification process [1]. In this paper, we consider
an FEL linac with double compression scheme and derive
the analytical expressions of the multi-stage amplification
or cancellation mechanisms. As an illustration, we use a
dogleg section with nonzero R56 to mitigate the instability.

PRINCIPLES OF MULTI-STAGE
CANCELLATION
To understand the cancellation mechanism, let’s first consider a simple model with lattice arrangements of (drift 1,
BC1, drift 2, BC2), where no bunch length compression is
involved. The evolution of current and energy modulation
is plotted in Fig. 1. The electron beam with initial current
modulation induces energy modulation due to LSC effects
∗

jqiang@lbl.gov
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Figure 1: (color online). Illustration of current (left column)
and energy (right column) modulation evolution. (a)-(e),
modulations of the initial, after drift 1, after BC1, after drift
2, after BC2 respectively. The bunch length is in unit of mm,
and current in unit of A.

Now let’s consider a more practical case shown in Fig. 2,
consisting of two bunch compressors BC1 and BC2 followed
by a dogleg inserted with several quadrupoles, which ensures a tunable strength of momentum compaction factor
R56,3 . In the following we consider only LSC effects which
dominate the microbunching instability amplification [4],
and assumed frozen beam model with electron longitudinal
locations unchanged during the transportation in linacs [11].
The density modulation is governed by the Volterra integral
equation described in [2, 3]. By iterating the microbunching
integral equation thrice, we can obtain the final modulation
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SUPPRESSION OF MICROBUNCHING INSTABILITY THROUGH
DISPERSIVE LATTICE
∗

Biaobin Li1,2 , Ji Qiang2,
1 University of Science and Technology of China, 230029, Hefei, China
2 Lawrence Berkeley National Laboratory, 94720, Berkeley, USA
Abstract
The microbunching instability from the initial small modulation such as shot-noise can be amplified by longitudinal space-charge force and causes significant electron beam
quality degradation at the exit of accelerator for the next generation x-ray free electron laser. In the paper, we present analytical and numerical simulation studies of a novel method
using dispersion leakage from a quadrupole inside a bunch
compressor chicane.
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INTRODUCTION
The microbunching instability in linacs can limit the performance of single-pass x-ray FELs by significantly degrading the electron beam quality [1–5]. The conventional
method to control the instability is to use a laser heater to
increase the beam uncorrelated energy spread before bunch
compressors [2, 6], which is typically tolerable for operation of self-amplified spontaneous emission (SASE) FELs.
However, for seeded FELs it could limit the FEL gain [7].
Recently alternative techniques [8–13] based on transverseto-longitudinal coupling terms (R51, R52 ) or (R53, R54 ) are
proposed to suppress the microbunching instability. These
schemes are quite attractive because of the "reversible feature", which means the transverse emittance and slice energy
spread can be recovered meanwhile effectively suppressing
the microbunching instability [14]. Among these methods,
the scheme based on two bending magnets [9] is quite simple without expensive hardware, however the use of bending
magnets will change the beam line direction, which is not
convenient and difficult to apply to the existing FEL facilities.
In this paper, we propose a simple scheme to suppress the
microbunching instability by inserting a quadrupole into a
four dipoles bunch compressor to introduce the longitudinal
mixing terms to suppress the instability. Theoretical analysis and numerical simulations including longitudinal and
transverse space charge are given to show the feasibility of
this scheme.

METHODS
We consider the machine layout shown in Fig. 1. One
quadrupole is placed in the middle of BC1 to leak out the
longitudinal mixing terms R51 and R52 for instability suppression. The energy chirp induced in Linac-2 is canceled
out in Linac-3. For the energy chirp generated in Linac-1, it
∗

is maintained after Linac-3, which calls for an isochronous
dogleg design to avoid further bunch length compression.
The longitudinal phase space smearing brought up by
the coupling terms in BC1 can significantly smooth the upstream density and energy modulation, thus suppresses further instability amplifications in the following section of the
accelerator. Meanwhile, due to the existence of energy chirp
right before BC1, additional slice energy spread will also
be introduced by the coupling terms, which can effectively
suppress the possible growth of the intrinsic and residual
shot-noise modulation between the BC1 and the dogleg. Following the equations in [12,15], the slice energy spread after
the BC1 is given as:
A
σ x (s2 ),
σ δ (s3 ) ≈ C1 h1 R51

where C1 is the compression factor from s1 to s3 , h1 and
σ x (s2 ) are the energy chirp and the horizontal rms beam
A is the coupling term from the BC1
size before the BC1, R51
section. Finally, the extra slice energy spread and the transverse emittance can be restored by adjusting the quadrupoles
inside the dogleg, which cancels the induced couplings and
makes the whole system an achromat.

Figure 1: (color online). Scheme Layout.
Here the linear transfer matrices R (R = R B Tr R A) from
′
s2 to s7 in (x, x , z, δ) coordinates are given in the above
scheme, where R A is the transfer matrix of s2 → s3 ,
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Abstract
Coherent electron cooling (CeC) is a novel technique
for rapidly cooling high-energy, high-intensity hadron
beam. Two designs of coherent electron cooler, with a
free electron laser (FEL) amplifier and a plasma-cascade
micro-bunching amplifier, are cost effective and don't
require separation of hadrons and electrons. These
schemes are used for the demonstration experiment in the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL). SPACE, a parallel,
relativistic 3D electromagnetic Particle-in-Cell (PIC)
code, has been used for simulation studies of these two
coherent electron cooler systems.

INTRODUCTION
A coherent electron cooling (CeC) [1, 2, 3] system
consists of three sections: modulator, amplifier and
kicker. In the modulator, the ions induce the modulation
signal in the electron beam through Coulomb force. The
modulation signal is boosted in the amplifier, and leads to
the cooling of the ion beam in the kicker. In this paper, we
present the simulation study of two coherent electron
cooler systems. Figure 1 [3] shows the schematic of CeC
using a free electron laser (FEL) as the amplifier, and
Figure 2 [4] illustrates the layout of CeC with a plasmacascade amplifier (PCA).

Figure 1: Layout of coherent electron cooler with a high
gain free electron laser amplifier.

Figure 2: Layout of coherent electron cooler with a
plasma-cascade amplifier.
We mainly use code SPACE [5] for numerical
simulations. SPACE is a parallel, relativistic, 3D
electromagnetic Particle-in-Cell (PIC) code, which has
been used for the study of plasma dynamics in a dense gas
filled RF cavity [6] and the study of mitigation effect by
beam induced plasma [7]. GENESIS [8] has been used in
the simulations of FEL amplifier in our study.

SIMULATIONS OF CEC WITH FEL
AMPLIFIER
Modulator
In modulator, ions attract surrounding electrons and
induce the modulations in electron beam. Analytical
solution to the modulation problem exists for a moving
ion co-propagating with a uniform electron beam [9]. Our
simulation results have achieved a good agreement with
theory in both density modulation and velocity
modulation [10].
Beam parameters listed in Table 1 are related with the
CeC experiment at BNL RHIC, and have been used in
simulation studies.
Table 1: Parameters of electron and ion beams
Electron

Ion, ܝۯାૠૢ

Beam energy

ߛ=28.5

ߛ=28.5

Peak current

75 A

Normalized emittance

8 ߨ mm mrad

2 ߨ mm mrad

R.M.S. energy spread

1e-3

3e-4

Figure 3 shows the dynamics of£ functions of electron
beam and the longitudinal density modulation at several
propagation distances in the modulator. We use
quadrupoles to match the transverse beam size at the exit
of modulator, which is required to obtain the
amplification of modulation signal in the FEL amplifier.
The dependence of modulation process on various
parameters has been explored in detailed simulation
studies [11, 12, 13].

Figure 3: Evolution of electron beam β function (left) and
longitudinal density modulation (right) in modulator.

FEL Amplifier
We have transferred the particle distribution at the exit
of modulator from code SPACE to code GENESIS for the
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Abstract
A small transverse slice emittance at the undulator entrance is essential for high performance of the free electron laser. To achieve this, preservation of the phase space
density of the electron bunch during acceleration and compression is absolutely necessary. The LCLS-II-HE is designed to transport a 100 pC bunch with an emittance of
~0.3 mm-mrad with minimal emittance dilution. In this
paper, encouraged by the fact that a normalized emittance
on the order of 0.1 mm-mrad can be potentially obtained
from the LCLS-II-HE injector, we show that such an ultrasmall emittance can be preserved largely along the LCLSII-HE accelerator and bunch compression system. In
achieving this, the sources of emittance growth, the mechanism, and the solutions are investigated carefully, in particular, around the laser-heater, the two bunch compressors.
Studies are carried out with IMPACT simulation code.

INTRODUCTION
The LCLS-II is a CW X-ray FEL covering a photon
spectral range from 200 to 5,000 eV. It is based on a 4 GeV
SRF linac installed in the 1st km of the SLAC linac tunnel
[1]. The LCLS-II-HE is a high energy upgrade, which will
increase the beam energy to 8 GeV and the photon spectral
range to 12.8 keV; this range may be extended through 20
keV with improvements of the electron injector and beam
transport [2]. Hence, large efforts have been invested to explore such possible improvements. While the optimization
on the injector performance is out of our scope for this paper; here we conduct our study based on the feasibility that
the electron injector can generate a normalized transverse
emittance of ~ 0.1 mm-mrad. We show how such ultra-low
emittance can be largely preserved in the electron bunch
acceleration, compression and transport system till the entrance of undulator.

Figure 1: Schematics of LCLS-II-HE layout.
In nominal LCLS-II studies, for 100 pC, the initial normalized transverse emittance out of the injector is about 0.3
mm-mrad. Most of the emittance growth, both the projected and the slice, happens in the first 500 meter where
the electron bunch out of the injector is sent through a Laser Heater chicane, two bunch compressors and the accelerator cavities including the harmonic cavity for linearizing
the electron bunch longitudinal phase space [4]. Hence, in
this paper, we will mostly report studies for the first 500
meters; even though the final results are given at the undulator entrance.

Initial e-bunch Properties Out of the Injector
The initial properties of the electron bunch out of the injector are illustrated in Figure 2, where the x-px, y-py, z-x,
and z-px phase space plots are shown as well as the normalized transverse slice emittance and the mismatch factor
along the electron bunch.

CHALLENGES AND CONSIDERATIONS
The schematics of the LCLS-II-HE layout is shown in
Figure 1 with the major accelerator and bunch compression
system components. For LCLS-II optics design [3] and
transport optimization [4] studies, different electron bunch
charges: 20 pC, 100 pC, and 300 pC were studied. In this
paper, we focus on the nominal 100 pC case to discuss the
challenges in transporting an electron bunch with an ultralow normalized transverse emittance on the order of 0.1
mm-mrad out of the injector.

___________________________________________

Figure 2: Initial e-bunch properties out of the injector.
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Abstract
Beams with large transverse emittance ratios (flat beams)
have received renewed interest for their possible applications in future linear colliders and advanced accelerators.
A flat beam can be produced by generating a magnetized
beam and then repartitioning its emittance using three skew
quadrupoles. In this paper, we report on the experimental
generation of ∼ 1 nC flat beams at the Argonne Wakefield
Accelerator (AWA). The emittance ratio of the flat beam is
demonstrated to be continuously variable by adjusting the
magnetic field on the cathode.

INTRODUCTION
Flat electron beams with large transverse emittance ratios
have various applications in conventional and advanced accelerators [1,2]. The generation of flat beams can be realized
via a round-to-flat transformation of angular-momentumdominated beams [3]. By immersing the cathode in a
solenoidal field, electrons are produced with transverse correlation and asymmetric eigen-emittance. A subsequent skew
quadrupole channel removes the correlation and restores the
projected emittances to eigen-emittances. This round-to-flat
beam transformation was experimentally demonstrated a
decade ago and proposed as alternative to damping rings in
linear colliders [4].
In this paper, we report on the commissioning of a beamline to produce flat beams at the AWA facility. The produced flat beam combined with the available transverseto-longitudinal phase-space exchanger [5–7] is expected to
open new opportunities in arbitrary emittance repartitioning
within the three degrees of freedom. The use of high-charge
(nC) flat beams in beam-driven wakefield accelerator are
expected to mitigate transverse instabilities in planar slowwave structures [8]. Finally, the produced flat beam will also
support experiments related to plasma-based lenses [9].

THEORY AND METHODS
The theory of round-to-flat transformation was detailed
in Ref. [1, 3, 10]. In brief, when a strong axial magnetic
field is applied on cathode, electrons are born carrying magnetization which sets eigen-emittance partition. It is given
∗
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eB c 2
by L = 2mc
σc , where we refer to L as the magnetization.
Bc is the axial magnetic field on the photocathode surface
and σc the rms transverse size. Considering a “magnetized"
(or canonical-angular-momentum (CAM)-dominated) beam
L ≫ εu (where εu refers to uncorrelated emittance), the
eigen-emittances ε± are unequal and given by:

εn,+ = 2γL, and εn,− =

2
εn,u
,
2γL

where γ is the Lorentz factor and εn,u ≡ γεu . These eigenemittances can be mapped to conventional emittances εx,y .
In such a round-to-flat-beam transformation (RFBT), the
incoming cylindrically-symmetric CAM-dominated beam is
converted to a flat beam with emittance ratio ϱ = εn,+ /εn,− .
A simple impementation of an RFBT beamline consists of
three skew-quadrupole magnets [1]. The quadrupole magnets settings can be found by solving the matrix equation
A(I −C) = B(I +C), where A and B are 2 × 2 transfer matrix
e ≡ (x, x ′) and
of an unskewed RFBT in respectively the X
′
e ≡ (y, y ) phase spaces, I is the identity matrix, and C is
Y
the correlation matrix defined by Y = C X. This matrix C
e
e −1 where
can be statistically computed as C ≡ ⟨YX⟩⟨X
X⟩
e and ⟨YX⟩
e are 2 × 2 blocks of the 4 × 4 covariance
⟨XX⟩
matrix Σ associated to the (X, Y) transverse phase space.
Given the general form of the Σ matrix derived in [3], we
find the general form of C to be
!
α
β
γL
2
C=
,
(1)
− 1+α
−α
εn
β
2 + (γL)2 ]1/2 ≃ γL are respecwhere (α, β) and εn = [εu,n
tively the Courant-Snyder (C-S) parameters and normalized
emittance associated with the CAM-dominated beam. For
a CAM-dominated beam the factor γL/εn ≃ 1 so that the
correlation matrix is conveniently described by the C-S parameters only and its determinant is det(C) ≃ 1. Under
the thin-lens approximation, the skew-quadrupole-magnet
settings are analytical functions of the elements of C [11].

AWA BEAMLINE & SIMULATIONS
The AWA drive-beam accelerator is diagrammed in Fig. 1.
The beamline incorporates a 1+1/2 L-band (1.3 GHz) RF
gun followed by six 7-cell cavities (Ci). The RF-gun cavity
is surrounded by three solenoidal lenses. The bucking and
focusing solenoid (LB and LF) are nominally powered in
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Abstract
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The Open XAL accelerator physics software platform
is being developed through an international collaboration
among several facilities since 2010. This paper discusses
progress in beam dynamics simulation, new RF models,
and updated application framework along with new generic
accelerator physics applications. We present the current
status of the project, a roadmap for continued development
and an overview of the project status at each participating
facility.
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Figure 1: Aperture profile of the ESS LEBT generated by
Open XAL.

INTRODUCTION
Open XAL [1, 2] is a generic open source software platform for accelerator physics. Open XAL is written mainly
in the Java programming language but is accessible via any
JVM based scripting language and Python. It is used worldwide by different accelerator labs including: China Spallation Neutron Source (CSNS) in Dongguan, China, European
Spallation Source (ESS) in Lund, Sweden, Spiral2 program
at the Grand Accélérateur National d’Ions Lourds (GANIL)
in Caen, France, and SNS in Oak Ridge, TN.

ESS
During the past year, the commissioning of the ESS ion
source and low-energy beam transport (LEBT) started [3]
and for the first time we tested Open XAL with the real ESS
machine. Our efforts focused on improving the model of
this part of the accelerator and debugging the applications
needed at this stage.

Model and Machine Description (SMF)
Originally, Open XAL was designed for bunched beams
only. We included a new algorithm in the EnvelopeTrackerBase class to simulate space-charge effects for continuous
beam, which is needed to model our LEBT [4]. This algorithm can be activated by enabling a flag.
Another issue with modelling the ESS LEBT was that
the corrector magnets are too long and a single kick was
not accurate. We added the possibility to split a dipole
corrector in several slices to overcome this problem. Each
slice can have a different weight, which is also useful when
the magnetic profile cannot be approximated by a square
∗
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function. Varying weight allows reduction of the error in the
approximation. The sign of the kick for vertical correctors
was changed to follow our convention.
The definition of apertures has been extended and now
each element can have an array describing its aperture, and
an integer to set the aperture shape (e.g. rectangular, elliptical). Markers can incorporate an aperture bucket to describe
the aperture of the drift spaces. The AcceleratorSeq class
includes methods to get the aperture for all its elements. Figure 1 shows an example of the aperture profile of the ESS
LEBT.
We also simplified some of the existing elements. Dipole
bending and steering magnets had different classes for vertical and horizontal orientations, and they have been merged.
The field map classes have been completely refactored to
allow quick development of new field map classes [5]. This
new field map model has a generic integrator for the equations of motion of a particle in electromagnetic fields and
allows the superposition of field maps.
Open XAL had a simple model for misalignments implemented for some elements. This has also been refactored
to take into account all elements, except for dipole magnets.
Some modifications were required to follow the standard
yaw-pitch-roll convention (Tait–Bryan angles).
Finally, a model for the RFQ is currently under development [5].

XAOS Application Framework
The XAOS project [6] is a JavaFX application framework
made to facilitate building Open XAL applications requiring
a graphical user interface.
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THE Mu2e-II EXPERIMENT ∗
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Abstract
The FermilabŠs Mu2e experiment is designed to search
for Charged Lepton Flavour Violation in direct, neutrinoless conversion of a muon into an electron in the presence
of a nuclear electromagnetic Ąeld. The quantity, which is
observed is the ratio between the rate of the above BSM
(Beyond Standard Model) conversion reaction and the rate
of muon capture on the nucleus. The measurement precision
is expected to reach up to 10−17 [1]. Mu2e-II is the name
for the second phase of the experiment, which is planned to
run with the lower energy, higher intensity primary proton
beam provided by the PIP-II [2] accelerator, currently under
construction. Ionization cooling with a wedge absorber is
introduced into Mu2e-II setup to potentially increase the
number of low momentum muons reaching the target. A
study is made into the position and size of the wedge inside the beamline using G4Beamline simulation framework.
Results show an increase up to 12% for muons with momentum P below 30 MeV/c and 7% for muons with P<40 MeV/c
when the beam is measured right after the wedge. Further
studies are necessary to investigate how this gain can be
delivered to the stopping target.

INTRODUCTION
The muons for Mu2e experiment are produced in the process, which starts with the primary proton beam hitting a
tungsten target [1]. The backscattered secondary particles
produced in the interaction, mostly pions, are subsequently
guided through the Transport Solenoid for collimation and
selection of the secondary beam and to give the pions enough
time for decay. The muons used in the experiment originate
from the decay of these pions. As the studies have shown [3],
only muons with momentum below 50 MeV/c can be successfully stopped in the target designed for Mu2e experiment.
However, the muons produced in the Production Solenoid
can have momentum more than 100 MeV. Figure 1 illustrates the problem. This paper investigates the possibility
of introducing a wedge absorber into the Mu2e-II beamline
to reshape the momentum of the muon beam via ionization
energy loss and, in result, increase the number of stopped
muons in a single spill.

IONIZATION COOLING
Ionization cooling can be seen as a method to reduce the
momentum spread of the beam (in this case a muon beam)
by guiding the particles through a dispersive area to separate
∗
†
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Figure 1: The momentum distribution of muons that arrive
at the stopping target and those that are stopped inside the
target. The numbers correspond to 200 million protons of
initial 800 MeV beam hitting the production target.

them by momentum and afterwards pass them through a
layer of absorbing material. After the process, in the ideal
case, the afected beam should become monoenergetic. The
cooling element has to be shaped in the way that higher momentum particles travel through a thicker layer of absorber,
so that their momentum is signiĄcantly reduced and, at the
same time, the muons with momentum less than 50 MeV are
not afected at all. The shape of the wedge is determined
by the Bethe-Bloch formula with a linear relationship between average muon momentum and the distance from the
beamline centre.

WEDGE SIZE OPTIMIZATION
Two diferent locations of the wedge were tested using
G4Beamline. The Ąrst one was set in the middle of the Collimator 3 (called C3 wedge in the following sections) and the
second at the end of the Collimator 5, just after the Transport
Solenoid, close to the stopping target (the C5 wedge). The
locations with the layout of the experimental setup are shown
in Fig. 2. The beam used in the simulation contained about
3.6 million secondary particles produced by the interaction
of the 800 MeV primary proton beam expected for Mu2e-II
Tracking for all the performed simulations was starting
upstream the Collimator 1.
To optimize the size of the wedge at a given position, an
average momentum versus Y coordinate (axis perpendicular
to the beamline facing upper part of the solenoid) dependence must be determined for muons inside the beam. The
distance from the beamline centre (Y coordinate) was divided into bins, inside which the muon average momentum
was calculated. A linear relationship can be seen in Fig. 3(a).
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Abstract
The commissioning of the Experimental Storage Ring
(ESR) with a new control system based on the LSA (LHC
System Architecture) has started recently. The aim with
these updates were that the 25-year-old control system,
which was based on outdated computers and operating system, was discontinued. In addition, the front-end components of the hardware were also 25 years old and couldn’t
be serviced any more, they are modernized together with
the control system. This new control system is under development and considers all aspects of the expected functionality to operate the GSI/FAIR accelerators and incorporates the present GSI controls infrastructure [1].
So, both the heavy ion synchrotron SIS-18 and the ESR
operation from now on have to be performed with the new
FAIR control system. In order to introduce an improved
model to the control system change, new calculations and
simulations for SIS and ESR are necessary. In this paper
we summarize the results of closed orbit calculations for
the ESR which are done with three different codes, namely:
ELEGANT [2], MAD-X [3] and MIRKO [4]. Considering
similar results between MAD-X and ELEGANT, we present ELEGANT results in the report. In fact, the simulation
for the old control system had done with MIRKO which
worked fine. For the new control system, we decided to use
these three codes for numerical simulation, but using
MIRKO values in ELEGANT did not agree well, therefore
the ELEGANT input was checked and adapted for better
agreement.
It is not yet clear that the details of the large aperture
ESR magnets are treated in the same way in the two codes
and higher order field components affect the result of the
orbit calculation. This might be the origin of the difference
between ELEGANT and MIRKO results.

INTRODUCTION
The ESR storage ring [5] at GSI is the core instrument
for unique physics experiments. The ESR is operated for
accumulation, storage and cooling of heavy ion beams in
the energy range from 4-400 MeV/u. It is a symmetric ring
with two arcs and two straight sections and a circumference of 108.36 meters.
The ESR consists of 6 dipole magnets (deflection angle
is 60◦) and 20 quadrupoles. For the second-order corrections 8 sextupoles are installed in the arcs. The ESR operates at a maximum magnetic rigidity of 10 Tm. For reducing transverse and longitudinal emittances of the stored ion
beams, the ESR is equipped with an electron cooler which
is installed in one of straight sections of the ring.
MC5: Beam Dynamics and EM Fields

Beam cooling is the prominent feature of the ESR, reducing the beam phase space by a non-Liouvillean process.
Stochastic and electron cooling in ESR reduce the beam
size in 6-D.
In one of the two straight sections the internal gas-jet target is installed. Local orbit bumps at the target are
controlled by four horizontal steerers which are placed 8
cm from each of the two edges inside the dipole magnets.
The ESR has in total 12 horizontal and 8 vertical orbit correctors around the ring, the objective of the correctors is to
control the beam orbit. They are labelled KX and KY in
Figure 1. Four horizontal correctors that are placed in the
northern and southern of ESR are used for the stochastic
cooling.

Figure 1: The ESR storage ring.
The ESR stochastic cooling system has been commissioned over the past years. An important step forward was
the first stochastic cooling of hot secondary beams from
the fragment separator FRS . A fragment beam was injected into the ESR and pre-cooled by the stochastic cooling system for some seconds. After turning the stochastic
cooling system off, electron cooling was used to finally
obtain a very well cooled beam with an excellent separation of different components of the fragment composite
[6]. So, the whole range of energy can be covered: electron cooling for all energy range and stochastic cooling
for hot high energy beams.
The ESR has two different ion optical modes, standard
and isochronous mode. Most of the ring experiments are
performed with the standard ion-optical setting of the ESR.
Another setting is used for the mass measurement of extreme short-lived exotic nuclei. The calculations and simulations of in this paper are done for standard mode of the
ESR.
WEPTS100
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A GENERAL COMPARISON ON IMPEDANCE THEORY AND
CST SIMULATION OF DISCONTINUITIES
N. Khosravi, M. Akhyani, E. Ahmadi1, A. Mashal1, H. Karimi2, S. Dastan3
Iranian Light Source Facility (ILSF), IPM, Tehran, Iran
1
also at Iran University of Science and Technology, Tehran, Iran
2
also at Isfahan University of Technology, Isfahan, Iran
3
also at Iran University of Guilan, Guilan, Iran

Abstract
Inhomogeneity of vacuum chamber components is the
main source of coupling impedance. Nowadays, wake impedances are mostly predictable by 3D codes and analytical prediction of impedance theories can be helpful as a
side solution. On the other hand, some asymmetries in the
geometry of components might make troubles and lead to
imprecise numerical results in 3D simulations. Analytical
approximation of discontinuities, holes and grooves can
give us an estimation of expected results and can be used
as a benchmark in the case that we do not have any experimental data.
To clarify the validity of theoretical expressions, general
discontinuities are simulated in CST Particle Studio. The
comparison of final results is presented here. At last, Resistive Wall impedance and some general discontinuities of
components at ILSF storage ring are compared form the
theoretical and simulation point of view.

Figure 1: Vacuum Chamber geometry in RW calculations.
The geometry of ILSF vacuum chamber is presented in
Figure 1. In Figure 2, we can observe both the analytical
evaluation by 𝐺𝑍𝑍 equation and the simulated impedance
for ILSF vacuum chamber resistive wall. In the case of
noncircular vacuum chambers, it is normal to approximate
the chamber shape by ellipse or rectangle for analytical estimations of the resistive wall. The elliptical and rectangular approximations for ILSF case are shown in Figures 2-4
by green and black colors, respectively.

INTRODUCTION

Figure 2: Longitudinal impedance of the resistive wall for
Figure 1 geometry (violet), GZZ analytical equation (purple), approximated vacuum chamber in rectangular (black)
and elliptical (green) geometries.

COMPONENTS

Resistive Walls

GZZ equation was proposed by 𝐺𝑙𝑢𝑐𝑘𝑠𝑡𝑒𝑟𝑛, 𝑍𝑒𝑖𝑗𝑡𝑠 and
𝑍𝑜𝑡𝑡𝑒𝑟 [7], which can be considered in this configuration
[8]
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Figure 3: Transverse resistive wall impedance for Figure 1
geometry (violet), GZZ analytical equation (purple), approximated vacuum chamber in rectangular (black) and elliptical (green) geometries.
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Pumping holes, resistive walls (RWs) [1], flange gaps
[2], beam position monitors (BPM) [3-5], bellows and tapers[6] can be named as the previously designed ILSF storage ring components. Our aim in this report is to compare
the simulation results of these components with theoretical
models.
This study is categorized in 4 parts:
 Resistive Walls
 Tapers
 Holes
 Rectangular grooves.
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HELICAL WIGGLER MODEL FOR FAST TRACKING
W. F. Bergan† , V. Khachatryan, and D. L. Rubin, Cornell University, Ithaca, NY, USA

Abstract

In order to test the process of Optical Stochastic Cooling
(OSC) at the Cornell Electron Storage Ring (CESR), we plan
to use helical wigglers as both the pickup and kicker, since
the required radiation wavelength of 800nm can be achieved
with lower magnetic ﬁeld strength in helical as compared to
planar wigglers. In order to simulate the lattice with such
wigglers, it is useful to be able to model the eﬀect of the
wiggler on the optics without resorting to direct tracking,
which is time-consuming and so ill-suited for the repeated
evaluations necessary in running an optimizer. We generate
a Taylor map to third order for this element using analytic
ﬁeld expressions, enabling easy determination of the eﬀects
of such an element on linear and nonlinear optics. This
model is compared with the results of direct tracking and
shows good agreement.

INTRODUCTION

Optical stochastic cooling (OSC) is a proposed method to
cool particle beams by using the radiation they emit in one
wiggler to provide an appropriate energy kick in a second
wiggler. Details of the process and plans for a test at the
Cornell Electron Storage Ring (CESR) are available in [1].
One important consideration is the wiggler to use. The wavelength of radiation provided by a planar wiggler is given by
λw
2
λ = 2γ
2 (1 + K /2), where λw is the wiggler period, γ is the
w
relativistic factor, and K ≡ eBλ
2πmc is the undulator parameter,
with B being the peak magnetic ﬁeld, e the electron charge,
and m the electron mass. For a helical wiggler, the formula
λw
2
becomes λ = 2γ
2 (1 + K ). We plan to perform this test
with 1 GeV electrons due to diﬃculties in operating CESR
at lower energy. We would also like to obtain radiation at
800 nm, since high-quality light optics are readily available
at this wavelength and the radiation may be ampliﬁed with a
Titanium-sapphire ampliﬁer [2]. In order to meet both these
requirements, we need a long wiggler period, and/or a large
undulator parameter. Comparing the formulas for the planar
and helical wigglers, one can see that the helical
√ wiggler
provides the same radiation wavelength with a 2 reduction
in the strength of the ﬁeld, reducing the wiggler’s eﬀects
on beam optics and emittance. Moreover, using a helical
wiggler increases the damping provided to the electrons by
the OSC process, since the dot product of the radiation’s
electric ﬁeld with the electron’s velocity is roughly constant
along the wiggler, rather than oscillating. We have therefore
decided to use helical wigglers with 14 periods of length
λ = 32.5 cm and peak ﬁeld B = 0.139 T, giving an undualtor parameter K = 4.23.
In designing a lattice for testing OSC at CESR, it is necessary to optimize various aspects of the linear and nonlinear
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optics in order to obtain signiﬁcant cooling rates and acceptances from the OSC process while maintaining good
Courant-Snyder parameters and a dynamic aperture which
enables us to inject and store a beam. For these repeated optimizations of our lattice, it is useful to have a helical wiggler
model which is fast to track through and provides accurate
measures of optics through third order so that we can extract
amplitude-dependent tune shifts in addition to the eﬀects
on the linear optics. At the cost of not having precise information within the wiggler itself, we may compute a map
translating initial phase space coordinates of a particle at the
wiggler entrance to coordinates at its exit. This map may be
formed by dividing the wiggler into thin slices, obtaining
maps for these individually, and then concatenating them.
For this work, we have used analytic formulas for the ﬁeld
inside a helical undualtor as provided by [3]. This method
can be trivially extended to the case where analytic ﬁelds are
obtained by other methods, as in [4]. Although suﬃciently
small steps in creating the map will give a result which is
near-symplectic, a ﬁnal symplectiﬁcation of the map may
be performed if desired. This initial work to obtain the map
only needs to be completed once for a given wiggler model,
and subsequent tracking with it is very fast, as we need only
multiply the initial particle phase space coordinates by the
terms in the map and sum the results.

CREATION OF THE MAP
We require an analytic expression for the magnetic ﬁelds
in the accelerator element in question. For our case, we use
the expansion of the ﬁeld of a helical wiggler as presented in
[3]. This method will also work with Cartesian expansions as
generated by the methods of [4], which permits the inclusion
of fringe ﬁelds and matching sections.
In moving through a wiggler, the ideal particle will move
oﬀ-axis under the inﬂuence of the magnetic ﬁeld. For what
follows, we will use x, vx , etc. to refer to the deviation of a
particle from the oscillatory reference trajectory. We ﬁrst
note that the change in the horizontal velocity vx of a particle
of charge q, mass m and relativistic gamma factor γ after
travelling a distance Δz through some magnetic ﬁeld is
Δvx = q(y  Bz − By )/(mγ)Δz

(1)

with similar expressions for Δvy and Δvz . We are often
interested in the momenta x  and y , which have been normalized by vz , and so can write
Δx  = Δvx /vz − Δvz vx /vz2

(2)

so that
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OPTIMIZATION OF A LOW-ALPHA LATTICE FOR THE HLS-II
STORAGE RING∗
Siwei Wang, Wei Xu† , Ke Xuan, Yigang Wang,
NSRL, University of Science and Technology of China, Hefei, Anhui 230029, China
Jingyi Li, Institute of High Energy Physics, CAS, Beijing 100049, China

Abstract

The low-alpha lattice has been developed in synchrotron
light sources for THz generation [1, 2]. In this work, a lowalpha lattice is designed to generate terahertz (THz) radiation
in the HLS-II storage ring. To get minimum impact on the
current lattice, the adjustment of quadrupoles go along the
tune free knobs which is acquired from the tune response
matrix. This process preserves the lattice symmetry and has
little impact on the tune of the storage ring. After the αc is
adjusted to a small value, the chromaticity, dynamic aperture
and the second order momentum compaction factor (α2 )
should also be optimized. This optimization is accomplished
by adjusting the sextupoles along the chromaticity knobs
and chromaticity free knobs. This process also preserves the
lattice symmetry. After the optimization, the bunch length
is tracked with the accelerator program ELEGANT [3]. The
results with different RF cavity parameters are compared.
In this paper, the optimization of the low-α lattice is reported. The bunch length tracking in the new lattice is also
introduced. The result shows that the low-αc lattice can be
applied in the HLS-II storage ring with its current magnets.

OPTIMIZATION OF THE LOW-α c
LATTICE AT HLS-II

The HLS-II storage ring is a compact one with a circumference of about 66 m. Its linear lattice is shown in Fig. 1. The
lattice is 2-fold periodic with 4 DBA cells. The quadrupoles
are grouped into 8 families labeled from Q1 to Q8. The
strengths of the quadrupoles with the same label remain the
same.
Work supported by National Natural Science Foundation of China (No.
11705200 and No. 11675174).
† wxu@ustc.edu.cn
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Figure 1: Schematic of the HLS-II linear lattice. There are
32 quadrupoles in the storage ring and they are grouped into
8 families according to lattice symmetry.
When designing the tune knob for the HLS-II storage ring,
the tune response matrix was studied. The tune response
matrix estimates the tune change with respect to quadrupole
strength changes and explicitly expressed as
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A singular value decomposition can be performed to the
tune response matrix M = UΛV T . Matrix V is 8 × 8 and
the first two columns are connected with the tune knob, and
the last 6 columns are the "tune free knobs". Adjusting the
quadrupole strengths along the tune free knobs does not
affect the tune. This is only valid in a small range because
the linearity between tune and quadrupole strength is not
strict in a larger range.
The design of low-αc lattice adopts all the quadrupoles
and adjust the quadrupoles along the tune free knobs in
a small range, which can reduce the impact on the lattice
symmetry and tune. A particle swarm optimization (PSO)
program is used to find the optimized result around the nominal lattice [4]. The adjustment coefficients before the tune
free knobs are set as the optimization variables. The adjustment ranges are all set to be from -0.5 to 0.5. The goal value
is set to be |αc − 10−5 | to reduce the first order momentum
compaction factor to the order of 10−5 . This adjustment
aims at making minimum modification to the current lattice.
After the PSO program finds a set of optimum solution
for the quadrupole strengths, the linear low-αc lattice is
MC2: Photon Sources and Electron Accelerators
A05 Synchrotron Radiation Facilities
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INTRODUCTION

∗
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To generate terahertz radiation at HLS-II, a low-αc lattice scheme is proposed. The new lattice can reduce the
bunch length in the storage ring, thus enhancing the coherent synchrotron radiation in the THz region. In this paper,
the design and optimization of a low-αc lattice is reported.
The new lattice preserves the symmetry of nominal lattice
and reduces the first and second order momentum factor
at the cost of increasing maximum β function and natural
emittance. The bunch length is tracked and the result shows
that the low-αc lattice can effectively compress bunches in
the storage ring. The performance of this low-αc lattice can
be further studied and improved.
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SYNCHROTRON RADIATION REFLECTIONS IN THE CLIC BEAM
DELIVERY SYSTEM
D. Arominski†1 , A. Latina, A. Sailer, D. Schulte, CERN, Geneva, Switzerland
1 also at Warsaw University of Technology, Warsaw, Poland
Abstract
Synchrotron radiation (SR) reﬂection is an important issue for future linear colliders. High ﬂuxes of SR might
impact the performance of the detector, through irradiation
of the forward luminosity and beam quality calorimeters or
of the innermost layers of the vertex detector. The photon
reﬂections depend on the beam pipe apertures’ size, their
shape, and materials used with various surface roughness.
In this work, we present a study of SR including reﬂection
for the 380 GeV and 3 TeV beam parameters and optics of
the Compact Linear Collider’s Final Focus System. The simulations of the SR reﬂections using the Synrad+ software
are presented and the impact on the detector is discussed.

INTRODUCTION

This is a preprint — the final version is published with IOP

The Compact Linear Collider (CLIC) is a proposed future
electron–positron collider with the potential to reach centreof-mass energies in the TeV scale. The construction and
physics programme is assumed to be carried out in three
stages: at 380 GeV, 1.5 TeV, and at 3 TeV [1].
To achieve the desired high instantaneous luminosity,
small bunch sizes in the order of nanometres with a population in the order of 109 particles are required [1]. The Beam
Delivery System (BDS) transports electron and positron
beams from the linacs to the Interaction Point (IP). First,
the beam is cleaned in the energy and betatron collimation
sections and then it is focused with the Final Focus System
(FFS). The FFS is made of dipoles, quadrupoles and sextupoles that have been optimized to match the desired beam
parameters at the IP. The total FFS length is 770 m, and its
layout is shown in Fig. 1 [2].

Final Focus
System
QD0

s [m]

IP

Figure 1: CLIC Beam Delivery System layout at 380 GeV
and 3 TeV.
The high energy of the electron and positron beams leads
to the emission of a broad spectrum of synchrotron radiation.These particles could become a source of background,
leaving signiﬁcant energy depositions in the CLIC detector
that might deteriorate performance, and therefore need to
†
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be studied carefully. The photons used in this study are produced in the FFS and have energy in the range from 1 keV to
30 keV are studied. Photons with energies below 1 keV are
unlikely to penetrate the beam pipe and deposit energy above
the detection threshold, while above 30 keV the reﬂection
probability is negligible [3, 4].

PHOTON INTERACTIONS
Photons interacting with matter can undergo absorption,
transmission, scattering, pair production, or reﬂection. The
latter allows them to travel further downstream in the accelerator, possibly impacting the detector. The probability of
reﬂection can be described using the Fresnel formula which
depends on the energy of the photon, its incident angle, and
the material properties of the surface. Reﬂectivity decreases
with increasing energy and incident angle. In the scenario
where the surface roughness is negligible compared to the
photon wavelength, specular reﬂection occurs where the
reﬂected angle is equal to the incident angle. Otherwise,
diﬀuse reﬂection over an angular range and backscattering
are also possible. This angular range increases with surface
roughness [3, 4].

RESULTS
Synchrotron radiation creation, tracking, and interactions
with matter in the CLIC FFS were simulated in Synrad+ [5].
The reﬂection tables used were based on [3], and the apertures assumed for the FFS were taken from a separate
study [6]. Two energy stages are presented: 380 GeV and
3 TeV. The statistics used are equal to 4200 s of machine
running time at 380 GeV and 2000 s at 3 TeV.
For cross-check purposes, PLACET [7] was modiﬁed to
allow for the extraction of the synchrotron radiation photons. Since there are no photon reﬂections implemented in
PLACET only the photons emitted in the ﬁnal straight part
of the FFS were compared. The conclusion is that no photon
emitted in the ﬁnal 20 m of the BDS can cause a hit in the
detector, as required by design [8].

380 GeV CLIC
First, the hypothetical case where the beam pipe walls
absorb every incident photon was studied. This was done to
cross-check the ﬁnding obtained from PLACET that there
are no direct photons that can hit the sentitive elements
of the detector. In this scenario, 5.5% of the total photon
beam power produced along FFS reaches the exit of the
ﬁnal quadrupole magnet (QD0) positioned 6 m before the
interaction point (IP). The transverse position distribution of
photons at the exit of QD0 and the polar angle distribution
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SIMULATION OF SIRIUS BOOSTER COMMISSIONING
M. B. Alves ∗ , L. Liu, F. H. de Sá
Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil

Abstract
Sirius is the new 3 GeV fourth-generation low emittance
light source under construction at the Brazilian Synchrotron
Light Laboratory. In order to study strategies for the commissioning, different scenarios were studied by tracking simulations on lattice models with realistic alignment and magnet
excitation errors, taking into account the finite precision
of the beam diagnostic devices. We developed a commissioning algorithm that provides an efficient adjustment of
the on-axis injection parameters, trajectory and closed orbit
corrections and tuning of the RF parameters. With this algorithm it was possible to obtain a stable beam for thousands of
turns in all the random machines simulated. The algorithms
allows for partially automated commissioning procedures.

INTRODUCTION

The Sirius Booster function is to receive a beam with 150
MeV coming from the linear accelerator and to execute the
energy ramp that increases the beam energy to 3 GeV. After
that, the beam is injected into the storage ring [1, 2].
Since modern machines are expected to have a challenging commissioning, there is a trend in simulating start-toend commissioning procedures before dealing with the real
machine [3–5]. The LNLS accelerator physics group used
Matlab Accelerator Toolbox (AT) [6] to simulate the booster
commissioning.
The implemented simulation steps were:
• Generate machines with random errors following a
Gaussian distribution with the standard deviation given
in Table 1 and higher-order multipole errors [1].
• Simulate on-axis injection scenarios with errors according to Table 2 and adjust injection parameters with the
available diagnostics.
• Apply trajectory correction methods to obtain sufficient
turns to estimate the closed orbit.
• Perform closed orbit correction without RF cavity.
• Tune the RF parameters.
• Correct the closed orbit with RF cavity.

Δ𝑥 and Δ𝑦
Δ𝑥 ′ and Δ𝑦′
Δ𝜃kicker
Δ𝐸/𝐸

Static

Jitter

2 mm
3 mrad
1 mrad
1%

500 μm
30 μrad
30 μrad
0.3 %

these functions over 20 random machines (seeds) generated
from its lattice model including random errors in magnets
- Table 1. We also have considered the finite resolution of
diagnostic devices and their misalignment according to Table 3.
It was assumed that the diagnostic devices resolution depends linearly on the beam intensity. If only a fraction 𝑁diag
of the total number of generated particles 𝑁total reaches the
diagnostic device, its resolution will follow a Gaussian distribution with standard deviation error indicated in Table 3
increased by the factor 𝑁total /𝑁diag . The resolutions in Table 3 are given for a 1 nC beam. The total number of particles simulated was always a macro-particle representation
of 1 nC.
Table 3: Beam Diagnostic Devices Errors (rms)
BPMs offset (𝑥 and 𝑦)
BPMs resolution (single-pass)
BPMs resolution (turn-by-turn)
Screens offset (𝑥 and 𝑦)
Screens resolution

500 μm
2 mm
3 mm
1 mm
500 μm

ON-AXIS INJECTION ADJUSTMENTS
The on-axis injection layout into the booster is represented
in Fig. 1.

Table 1: Machine Errors (rms) used in the Simulation
Magnets offset (𝑥 and 𝑦)
Magnets roll
Quadrupoles and sextupoles strength
Dipole strength
Quadrupolar strength in dipoles

160 μm
0.80 mrad
0.30 %
0.05 %
0.30 %

We developed several functions in AT to test and to validate the proposed algorithms for commissioning. We applied
∗

Table 2: Injected Beam Errors (rms) Considered in the Simulation
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Figure 1: Booster injection layout.
There are three fluorescent screens installed in the injection region. The first screen is used to adjust the beam
position and angle at the end of the injection septum. These
changes can be done with a combination of correctors kicks
in the transport line and the septum field. Between screens
MC5: Beam Dynamics and EM Fields
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ACCELERATOR OPTIMIZATION USING BIG DATA TECHNIQUES
C.P. Welsch#
Cockcroft Institute and The University of Liverpool, UK
on behalf of the LIV.DAT Consortium

Abstract
Managing, analyzing and interpreting large, complex
datasets and high rates of data flow is a growing challenge
for many areas of science and industry. At particle
accelerators and light sources, this data flow occurs both,
in the experiments as well as the machine itself. The
Liverpool Big Data Science Center for Doctoral Training
(LIV.DAT) was established in 2017 to tackle the challenges
in Monte Carlo modelling, high performance computing,
machine learning and data analysis across particle, nuclear
and astrophysics, as well as accelerator science. LIV.DAT
is currently training 24 PHD students, making it one of the
largest initiatives of this type in the world. This paper
presents research results obtained to date in projects that
focus on the application of big data techniques within
accelerator R&D.

INTRODUCTION

LIV.DAT, the Liverpool Centre for Doctoral Training in
Data intensive science, is a hub for training students in Big
Data science [1]. Recent years have witnessed a dramatic
increase of data in many ﬁelds of science and engineering,
due to the advancement of sensors, mobile devices,
biotechnology, digital communication and internet
applications. Very little targeted training is provided
internationally to address a growing skills gap in this area.
LIV.DAT provides a comprehensive training programme to
its students to address this problem.

RESEARCH

The focus of the centre is on addressing the data
challenges presented by research in astronomy, nuclear,
particle and accelerator physics. R&D is structured across
the following 3 main work packages:
 Monte Carlo (MC) methods as powerful tools for a
range of physics problems, from the dynamic behavior
of galaxies, cross sections in specific particle
interactions to treatment planning in ion beam cancer
therapy;
 High Performance Computing (HPC) and Machine
Learning (ML) to benefit from the computing power
of large clusters to simulate problems that cannot be
dealt with on desktop computers;
 Data Analysis across the entire spectrum of physics
research.
___________________________________________
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All three work packages are highly relevant for
accelerator science. Beam control and manipulation, beam
dynamics studies and analysis of beam diagnostics output
data all directly benefit from performance enhancements in
the underpinning data handling techniques.

Comet Assay Image Analysis
In today’s digital age, tasks that were previously
rudimentary and tedious are becoming automated, creating
more efficient, precise and reproducible workflows. The
healthcare sector is a prime example where technology is
being utilized more and more. Such an example can be seen
in image analysis.
Cancer is a disease that has been researched for many
years, with a lot of effort being put into finding methods of
treatment that successfully destroy cancerous cells whilst
sparing as much healthy tissue as possible. Proton therapy
is a rapidly growing field as increasing evidence suggests
that it induces more complex damage in DNA of cells than
do x-ray photons [2]. The cells are less likely to be able to
repair this damage, increasing the chance that the cancer is
destroyed. A way in which we can determine the level of
damage caused to a cell’s DNA following irradiation is the
Comet Assay [3]. The images produced in the comet assay
can be analyzed in various ways, ranging from manual
categorization via a number ranking [4] to the use of
computer software to automate the measurements. Even
when using the currently available software, in some cases
a user is still required to identify elements of the images
e.g. the overall comet body and comet head. When
analyzing a large number of images, this can become time
consuming, as well as potentially introduce bias.
LIV.DAT student Selina Dhinsey develops a program
which fully automates the analysis of comet assay images
as shown in Fig. 1, measuring comet area, tail length and
% tail fluorescence (tail DNA), the latter two being widely
used in comet assay measurements [5]. The program
incorporates Neural Network (NN) architecture, using
instance segmentation to identify comet bodies within the
image and then perform analysis to measure the bodies.
Preliminary results are very promising with segmentation
accuracies predicted at over 90% for each identified comet.
However, there are still cases where not all comets are
being identified so the model requires further tuning. A
difficulty in the application of NN here is the lack of data;
only a limited number of images are available for training
and testing purposes. To counter this, a Monte Carlo model
is being developed which will allow the creation of a large
amount of simulated data and will also aid the development
of a deeper understanding of the physical mechanisms
underlying the comet assay.
MC5: Beam Dynamics and EM Fields
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DESIGNING THE EUROPEAN SPALLATION SOURCE TUNING DUMP
BEAM IMAGING SYSTEM*
M. G. Ibison†, C. P. Welsch, Cockcroft Institute and University of Liverpool, Warrington, UK
E. Adli, G. Christoforo, H. Gjersdal, University of Oslo, Oslo, Norway
T. J. Shea, C. A. Thomas, ESS, Lund, Sweden

Abstract
The first section of the European Spallation Source
(ESS) to receive high-energy protons when live operation
begins will be the Tuning Dump beam-line. The dump
line will be used during accelerator commissioning to
tune the linac, and must accept the full range of ESS energies up to 2 GeV, from 5μs probe pulse to full 2.86ms
pulse length, and beam sizes up to the 250 mm limit of
the physical aperture, although the allowed pulse rate will
be restricted by the thermal capacity of the dump. An
imaging system has been developed to view remotely the
transverse beam profile in the section immediately before
the dump entrance, using insertable scintillator screens.
This contribution presents the principal design parameters
for this system, with particular reference to the techniques
used in assessing the radiation and thermal environments
and their impact on the selection of locations for the imaging cameras, and the specification of the mechanical
screen actuators. The predicted optical performance of the
system is also summarised.

SYSTEM REQUIREMENT FOR TUNING
DUMP IMAGING

The Tuning Dump (TD) receives the ESS beam during
initial commissioning and LINAC tune-up, to study the
beam without its reaching the target. The dump can safely
handle short proton pulses, or reduced rate full pulses [1].
Imaging of the beam transverse profile will be provided
in at least two locations upstream of the dump, their longitudinal separation enabling beam divergence measurement. A beam to be imaged may occupy any part of the
full physical exit aperture. The main parameters constraining the system are listed in Table 1.
Table 1: TD System Requirements - Principal Parameters
Parameter
Field of View

Value
Max poss

Limiting
Apertures
Beam Size
(nominal)
Resolution
Max Average
Power

200 mm
120 mm
1.6 cm
(rms)
<1 mm
12.5 kW

Origin
Full beam-pipe dia 250
mm
Vessel viewports
Camera penetration*
Beam dynamics simulation [1]
Beam profile
Use Case: ‘Slow Tuning
Beam’ [1]
*see Final Design (later)

DESIGN APPROACH
After considering curved-mirror systems or optical fibres with remote cameras, the final design has a simple
‘periscope’ configuration with 2 plane mirrors, combining
acceptable image quality and flexible camera positioning.
The components, which are modelled in the optical design
software ZEMAX OpticStudio [2], therefore include:
 the object (screen intercepting proton beam)
 the viewport in the vacuum vessel
 1st 45° mirror (outside the viewport)
 2nd 45° mirror (on ray-path from 1st mirror)
 imaging lens and camera
The primary light source for TD imaging will be a
‘Chromox’ ceramic screen, excited into photon emission
by the energetic incident protons; studies are also ongoing
into improved materials with adequate photon yield, spectrum, lifetime & linearity which preserve their properties
after the heat of the spraying process used in application.

STUDIES OF RADIATION AND THERMAL ENVIRONMENT
The dump line imaging vessels, the dump and its
shielding have been modelled in the Monte-Carlo radiation transport code FLUKA [3], to find positions for the
cameras providing the required field of view while giving
a useful lifetime before radiation damage to the sensor
compromised the image quality. Based on other studies
[4], a dose target has been set at 20 Grays/year for selecting an imaging camera location, to minimise degradation.

Camera Radiation Dose
For the TD system, absorbed dose was recorded in regions proposed for the imaging cameras. Dose is estimated from the FLUKA score per primary particle and the
total number calculated from the projected beam current
and annual beam-on-dump time, based on the equation:
𝐼
𝑃𝑟𝑜𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 0.5 x 𝑡 x 3600 x
𝑒
= 3.54 x 10
where annual machine study time tS = 500 h; time-ondump fraction (estimated) = 0.5; beam current (mean) IP =
6.3 A; e = electronic charge.
Most of the camera dose in Table 2 has been shown to
be due to particle scatter from the imaging screen, plus
some radiation escaping from the dump entrance.

*Work supported by In-Kind Agreements, ESS/UK, ESS/Norway
†
mark.ibison@cockcroft.ac.uk
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EMITTANCE EXCHANGE IN MICE
C. Brown∗1 , Brunel University, Uxbridge, UK
C. Whyte, University of Strathclyde, Glasgow, UK
1 also at STFC Rutherford Appleton Laboratory, Didcot, UK
on behalf of the MICE collaboration

Abstract

The Muon Ionization Cooling Experiment, MICE, has
demonstrated transverse emittance reduction through ionization cooling. Transverse ionization cooling can be used
either to prepare a beam for acceleration in a neutrino factory
or for the initial stages of beam cooling in a muon collider.
Later stages of ionization cooling in the muon collider require the longitudinal emittance to be manipulated using
emittance exchange and reverse emittance exchange, where
emittance is exchanged from and to longitudinal phase space
respectively. A wedge absorber within the MICE cooling
channel has been used to experimentally study reverse emittance exchange in ionization cooling. Parameters for this test
have been explored in simulation and applied to experimental configurations using a wedge absorber when collecting
data in the MICE beam.

MUON IONIZATION COOLING
EXPERIMENT

In MICE [1], a proton beam is bombarded against a solid
titanium target creating pions, which are subsequently gathered in a quadrupole triplet. These pions then decay to
muons in the transport line.
In a muon collider or neutrino factory these muons would
occupy a large phase-space volume upon production and
have a low phase-space density. To meet the acceptance
requirements of a storage ring [2], these muons must be
cooled, with ionisation cooling the only viable process to
cool the muon beam to the required phase-space density
within the lifetime of the muon.
Ionization cooling [3] is achieved by passing a beam
through an absorber material reducing the total momentum
of the beam, and then through an RF cavity to recover the
lost longitudinal momentum.
The MICE muon beam is passed through a series of detectors in the cooling channel (Fig.1). The Time-of-Flight
stations, Kloe Light and Electron-Muon Ranger are used to
distinguish muons from electrons and pions, while the two
tracking detectors either side of the absorber immersed in a
uniform multi-Tesla magnetic field measure the position and
momentum of each particle. This is done via five stations of
scintillating fibres.
Position and momentum measurements made in each
tracker allow the comparison of the phase-space density
before and after the absorber.
MICE has used Lithium Hydride and liquid Hydrogen as
absorbers which have shown an increase in the transverse
∗
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phase-space density after the muon beam has passed through
the absorber. A Polyethylene wedge has been used to study
emittance exchange (Fig.2).

EMITTANCE EXCHANGE
In Emittance Exchange a muon beam is passed through a
dipole magnet to create both a position spread and a positionenergy correlation in the beam. The beam is then passed
through a wedge of specific thickness to eliminate the momentum dispersion (Fig.3). The beam then has an increased
longitudinal phase-space density and a reduced transverse
phase-space density. Thus, the emittances have been exchanged. The transverse emittance can then be reduced by
ionisation cooling resulting in an overall reduction in 6D
emittance.
In reverse emittance exchange the beam is first passed
through a wedge and then through a magnetic dipole. This
allows one to increase the transverse phase-space density at
the expense of decreased longitudinal phase-space density.
Thus, the emittance exchange has been reversed.

KERNEL DENSITY ESTIMATION
To measure the change in phase-space density, Kernel
Density Estimation (KDE) is used [4]. KDE is a nonparametric density estimation technique which makes fewer
assumptions about the underlying distribution. This is done
by calculating the kernel, a multivariate Gaussian centred on
each data point (Fig.4). All of the kernels are then summed
to arrive at the KDE. The KDE is then given by
f ( x®) =
®

n
Õ
1
−| x® − X®i | 2
k(
)
√
2h2
nh d 2π i=1

(1)

2

− Xi |
where k( −| x®2h
) is the kernel written as a function of ref2
th
erence point x®, i data point X®i and the width of the kernel
h. n is the sample size and d is the dimensionality of the
dataset.
Figure 5 shows an example of a bimodal distribution. The
parametric approach shows its limitation as it assumed a
Gaussian distribution. The KDE approach shows its usefulness in comparison to the histogram as it can produce
a higher resolution density measurement. The smoothness
of the KDE approach is determined by the choice of kernel
width, h.

SIMULATION
A simulation has been performed in G4Beamline [5, 6],
where an initial distribution of particles with the desired
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RESULTS OF CEA TESTS OF SARAF COUPLERS PROTOTYPES
G. Ferrand†, Y. Baron, S. Bouaziz, C. Boulch, D. Chirpaz-Cerbat, R. Cubizolles, E. Fayette, F. Gohier, P. Guiho, S. Ladegaillerie, A. Lotode, Y. Lussignol, C. Madec, G. Monnereau, N. Pichoff, O.
Piquet, C. Servouin
IRFU, CEA, Université Paris-Saclay, France
Abstract
CEA is committed to delivering a Medium Energy Beam
Transfer line and a superconducting linac (SCL) for
SARAF accelerator in order to accelerate 5 mA beam of
either protons from 1.3 MeV to 35 MeV or deuterons from
2.6 MeV to 40 MeV. The SCL consists in 4 cryomodules.
The first two cryomodules host 6 and 7 half-wave resonator
(HWR) low beta cavities (𝛽 = 0.09) at 176 MHz. The last
two identical cryomodule will host 7 HWR high-beta cavities (𝛽 = 0.18) at 176 MHz. The maximal required power
to be transmitted to the beam is 11.4 kW for high-beta cavity couplers. This document presents the results of the coupler tests and conditioning.

INTRODUCTION
CEA is building a new accelerator for SARAF Phase II
[1]. A key element of the project is the superconducting
linac at 40 MeV (deuterons) or 35 MeV (protons). The
SARAF Phase II Linac will consist in 4 cryomodules with
HWR cavities at the frequency of 176 MHz. The maximal
beam current in the Linac will be 5 mA for maximal accelerating voltages of 1.0 MV and 2.3 MV for low and high
betas respectively. For high-beta cavities, this means that
RF power couplers will have to deliver at least 11.4 kW to
the beam.
This document focuses on the results of the coupler tests
with conditioning boxes. The tests of the coupler with cavity and tuner in a dedicated Equipped Cavity Test Stand
(ECTS) are presented in [2].

COUPLERS DESIGN AND MANUFACTURING
SARAF couplers consist in an antenna in copper, brazed
to an alumina ceramic with TiN coating. The external conductor is a rigid stainless steel tube with an internal 20 µm
copper coating. There is no bellow on RF side, the bellows
giving flexibility to the system is between the outer conductor and the cryomodule flange. No internal water nor
air cooling is required for the antenna, cooling of the antenna results from thermal conductivity of alumina and of
the RF line. A simple fan ensures external cooling of the
coupler.
The coupler can be directly connected to a standard EIA
1”5/8 coaxial line. Three diagnostics are connected to the
coupler close to the ceramic window: a cold cathode gauge,
a vacuum window with a photomultiplier and an electron
pick-up.
Figure 1 shows the coupler during assembly in clean
room. Figure 2 shows the antenna part, before assembly.
More details about the design of the couplers can be found
in [3].
Couplers are manufactured by Canon Electron Tubes &
Devices Co., Ltd. Tochigi, Japan.

REQUIREMENTS
The same power coupler will be connected to low- and
high-beta cavities. Consequently, power requirements for
all couplers are defined by requirements for high-beta cavities couplers, i.e. 11.4 kW to be transmitted to the beams.
Considering mismatching (couplers cannot be matched
separately) and detuning, margins must be considered for
the tests.
We calculated that, if power couplers can accept 18.5 kW
during at least 6 hours in travelling wave, and 10 kW during a few minutes in full reflection mode, they will be able
to accept 11.4 kW with a comfortable detuning and expected mismatch.
Moreover, the coupler desorption requirement is 5.10-6
mbar.l/s, in order to not degrade the performances of the
cavities in operation.
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Figure 1: RF power coupler being assembled in clean room
with valve for leak test control.
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LHC INJECTORS UPGRADE PROJECT: TOWARDS NEW TERRITORY
BEAM PARAMETERS
M. Meddahi∗ , R. Alemany, H. Bartosik, G. Bellodi, J. Coupard, H. Damerau, G.P. Di Giovanni,
A. Funken, B. Goddard, K. Hanke, A. Huschauer, V. Kain, A. Lombardi, B. Mikulec,
F. Pedrosa, S. Prodon, G. Rumolo, R. Scrivens, E. Shaposhnikova, CERN, Geneva, Switzerland
Abstract
The LHC Injectors Upgrade (LIU) project aims at increasing the intensity and brightness in the LHC injectors
in order to match the challenging requirements of the HighLuminosity LHC (HL-LHC) project, while ensuring high
availability and reliable operation of the injectors complex
up to the end of the HL-LHC era (ca. 2035). This requires
extensive hardware modifications and new beam dynamics solutions in the entire LHC proton and ion injection
chains: the new Linac4, the Proton Synchrotron Booster
(PSB), the Proton Synchrotron (PS), the Super Proton Synchrotron (SPS), together with the ion PS injectors (the Linac3
and the Low Energy Ion Ring (LEIR)). All hardware modifications will be implemented during the 2019-2020 CERN
accelerators shutdown. This paper will analyze the various
project phases, share the lessons learned, and conclude on
the expected beam parameter reach, together with the risks.

LIU PROJECT GOALS AND PHASES
The LIU project aims at increasing the intensity/brightness in the injectors in order to match the
HL-LHC requirements for both protons and lead (Pb)
ions [1], while ensuring high availability and reliable operation of the injector complex up to the end of the HL-LHC
era (ca. 2035) in synergy with the accelerator Consolidation
(CONS) project [2]. This goal will be achieved through
a series of major upgrades in all accelerators of the LHC
injectors chain, which are detailed in [3, 4]. The main items
relevant to the desired beam performance will be listed
separately for protons and Pb ions in the next sections.
Table 1 summarises the main target parameters at the
SPS exit for both protons and Pb ions, as well as the values
currently achieved. From this table, it is clear that, while
for protons the main challenge lies in reaching the target
single bunch parameters (double intensity and roughly double brightness), in the case of the Pb ions the single bunch
parameters have been already demonstrated, but the total
number of bunches in the LHC will become possible with a
novel production scheme based on upcoming LIU upgrades.
The LIU project was launched in 2010, with extensive
beam studies taking place in Run 1 (2009 - 2013) and its first
systems already installed during the injectors Long Shutdown 1 (LS1 - March 2013 to June 2014). The accelerator
timeline as from 2015 up to the LIU project completion in
2021, is sketched in Fig. 1. LIU is currently at the peak of
its execution phase, with the largest part of its equipment
∗

Table 1: Beam Parameters at LHC Injection for Protons and
Pb Ions, HL-LHC Target and Achieved in Run 2
HL-LHC
Achieved
HL-LHC
Achieved

N (1011 p/b)
2.3
1.15
N (108 ions/b)
1.9
2.0

ǫx,y (µm)
2.1
2.5
ǫx,y (µm)
1.5
1.5

Bunches
2760
2760
Bunches
1248
648

being installed during the Long Shutdown 2 (LS2: 2019 to
2020).
To define and adequately prepare the LS2 installation
activities, as well as to ease the related workload, numerous
project related activities had to be carried out during Run 1,
LS1 and Run 2 (2010 - 2018), specifically:
• Beam simulation studies and machine measurement
campaigns have been carried out to validate the assumptions made for the beam parameters as well as
to explore the performance boundaries of the different
machines and define strategies to cope with the various
performance limitations (e.g. space charge, electron
cloud, machine impedance);
• RF equipment, injection/extraction/protection devices,
power supplies, beam instrumentation, etc. have been
designed, built or procured and, where possible,
installed during LS1 or the (Extended) Year-EndTechnical-Stops – (E)YETS’s – and tested with beam;
• Cabling and decabling work was advanced compatibly
with all the other maintenance activities foreseen during
the yearly stops in terms of time and resources;
• All the civil engineering and infrastructures for the
new buildings, as well as surface installation works,

LS2
Run 2
Proton Runs

Mainly LIU work
Technical Stops

Run 3

Long Shutdowns

Figure 1: LHC (upper row) and injectors (lower row) operation
schedule between 2015 and 2021.
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REVIEW OF ION THERAPY MACHINE AND FUTURE PERSPECTIVE
Koji Noda†, National Institute of Radiological Sciences (NIRS), National Institutes for Quantum
and Radiological Science and Technology (QST), Chiba, Japan
Abstract
Ion beams have attractive growing interest for cancer
treatment owing to their high dose localization around the
Bragg peak. Especially, a carbon-ion can realize higher 3D
dose localization, compared with a proton, owing to a
highly biological effect around the Bragg peak and a low
multiple scattering effect. Recently, therefore, the ion radiotherapy has been successfully growing in the world, based
on the development of the accelerator and beam-delivery
technologies.

NIRS starts “Quantum Scalpel” project toward a healthy
long-living society with zero-cancer-death. This report reviews the developments of the ion RT machines in the
world and describes future perspective.

INTRODUCTION
The foundations of ion radiotherapy (RT) were laid in
1931 with the invention of the cyclotron by Ernest Lawrence, and in 1946 Robert Wilson proposed the clinical application of the cyclotron advocating the use of the proton
and heavier ions in treating human cancer [1]. The fundamental physics features of the ion beams are their capability of depositing only relatively lower doses as the beam
enters the body en route to the target (plateau region), the
release of the greatest amount of energy at the end of the
beam range (Bragg peak), and the deposition of a very low
dose in the tail region beyond the Bragg peak. Pioneering
work in the ion RT was commenced in 1950’s at Lawrence
Berkeley Laboratory (LBL) [2] and then the proton RT has
begun in 1957 at the University of Uppsala [3], and in 1961
at Massachusetts General Hospital (MGH), using the 160
MeV/u-cyclotron [4]. Basic techniques used in ion RT
were developed in these facilities. Early clinical trials of
the ion RT were conducted using accelerators for physics
research. In 1990, on the other hand, the first hospitalbased proton RT facility was commissioned at the Loma
Linda University Medical Center (LLUMC) [5]. The first
hospital-based heavy-ion facility, Heavy-Ion Medical Accelerator in Chiba (HIMAC) [6] as shown in Figure 1, has
been successfully conducted by National Institute of Radiological Sciences (NIRS) since 1994. Ion species utilized
for the cancer RT are currently protons and carbon-ions,
even though proton, helium, carbon, and neon-ions were
used in clinical application historically. According to the
Ref. [7], so far, more than 200,000 patients have been
treated with the ion RT around the world, with around 86%
of these treatments being delivered with the proton RT and
about 14% with the carbon-ion RT. Up to 2019, there are
80 operating the proton RT facilities, while carbon-ion RT
is provided at 13 facilities. Such growing the ion RT has
been brought by a result of accumulating numbers of protocols based on developments of both the beam-delivery
and accelerator technologies. For further development,
____________________________________________

† noda.koji@qst.go.jp

Figure 1: Layout of the HIMAC facility. The original HIMAC has been utilized for the carbon-ion RT since 1994.
The new treatment research facility, as an annex, has been
operated since 2011.

BEAM DELIVERY TECHNOLOGY
An ion beam extracted from an accelerator is delivered
to a patient in a treatment room by a beam-delivery system.
The beam-delivery system for the ion RT consists of beam
modifying and monitoring devices to deliver a 3D uniform
field on a tumour, while dosage in normal tissue as low as
possible. The beam-delivery methods are categorised into
the passive and active ones.

Passive Beam-Delivery Method
There are mainly two passive beam-delivery methods [8]
to form an irradiation field matched with a tumour shape:
Beam-wobbling method and double-scattering method. In
the beam-wobbling method, a pair of beam-wobbling magnets rotates the beam in a circular orbit with high frequency
so as to generate a pseudo-stationary broad beam in conjunction with a scatterer. A ridge filter spreads out the
Bragg peak (SOBP) so as to match it with a thickness of
tumour. A range shifter system adjusts the beam range by
inserting variable-thickness energy degrader. A multi-leaf
collimator (MLC) and/or a customized patient collimator
defines the field aperture. A bolus compensates the beam
ranges so that the end of the beam range conforms with the
distal part of the target volume in the field. The doublescattering method has utilized two scatterers, instead of the
wobbling magnets, in order to spread the beam laterally.
In the conventional methods described above, a constant
SOBP over the field area results in an undesirable dose to
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NUCLOTRON DEVELOPMENT FOR NICA ACCELERATION COMPLEX
E. Syresin, N. Agapov, A. Alfeev, V. Andreev, A. Baldin, A. Bazanov, O. Brovko, V. Bugaev, A.
Butenko, D. Donets, E. D. Donets, E. E. Donets, A. Eliseev, V. Fimushkin, B. Golovenskiy, E.
Gorbachev, A. Govorov, E. Ivanov, V. Karpinsky, V. Kekelidze, H. Khodzhibagiyan,
A.
Kirichenko, V. Kobets, S. Kostromin, A. Kovalenko, O. Kozlov, K. Levterov, D. Lyuosev,
A. Martynov, I. Meshkov, V. Mikhailov, V. Monchinsky, A. Nesterov, A. Osipenkov, A. Philippov,
D. Ponkin, S. Romanov, P. Rukojatkin, K.Shevchenko, I. Shirikov, A. Shurygin, A. Sidorin,
V. Slepnev, A. Smirnov, G. Trubnikov, A. Tuzikov, B. Vasilishin, V. Volkov, Joint Institute for
Nuclear Research, Dubna, Russia,
A. Belov, Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia

Abstract

The Nuclotron is the basic facility of JINR used to
generate beams of protons, polarized deuterons and
protons, and multi charged ions in the energy range of up
to 5.6 GeV/n. Polarized deuteron and proton beams were
obtained at the intensity of 2×109 ppp and 108 ppp,
respectively. The injection with RF adiabatic capture was
used in two last Nuclotron runs where C6+, Xe42+, Kr26+ and
Ar16+ ion beams were accelerated. The resonant stochastic
extraction (RF knockout technique) was realized. The
complex is now used for fixed target experiments with
extracted beams and experiments with an internal target. In
the near future, the Nuclotron will be the main synchrotron
of the NICA collider facility being constructed at JINR.
The installation in the Nuclotron of beam injection system
from the Booster and of the fast extraction system in the
Collider are required for its operation in the NICA
complex. In the frame of the Nuclotron injection chain
upgrade, a new light ion linac (LILac) for protons and ions
will be built.

INTRODUCTION

NICA (Nuclotron-based Ion Collider fAcility) is a new
accelerator complex being developed and constructed at
JINR [1] to search for the mixed phase of baryonic matter
and to investigate the nature of nucleon/particle spin. Ion
beams from p to Au ions with energies from a few hundred
MeV/u to a few GeV/u will be provided for the NICA
collider by two injection LINACs and two superconducting
synchrotrons, the currently assembled Booster and the
operating Nuclotron (Fig. 1).
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The Nuclotron based on the unique technology of the
superconducting magnetic system [2]. All design, tests and
assembling works were carried out at JINR. Fifty-five
Nuclotron runs have beam performed since March 1993.
The Nuclotron is currently used for fixed target
experiments. During the last few years, all the systems of
the ring were completely modernized and prepared for long
and stable operation in the NICA complex. The Booster
superconducting ring is now under assembling. The
Booster ring commissioning is planned for 2019. The main
goals of the Booster and Nuclotron rings in the heavy ion
program are the following: formation of Au79+ ion beams
with the intensity of 109 ppp; acceleration of heavy ions to
the energy required for injection in the collider rings.
Installation in the Nuclotron of the beam injection system
from the Booster and of the fast extraction system in the
Сollider [1] are required for the Nuclotron to operate as the
main synchrotron of the NICA complex. The kickers and
Lamberson magnets should be constructed for the injection
and extraction sections. The Nuclotron is the JINR basic
facility for high-energy physics. The Nuclotron accelerator
complex consists of the Alvarez-type linac LU-20,
superconducting synchrotron Nuclotron equipped with an
internal target, slow extraction system, and facilities for
fixed target experiments. The beams are generated by three
new ion sources: SPI (Source of Polarized Ions), LIS
(Laser Ion Source), and Krion (ESIS type heavy ion
source). The Nuclotron program includes experimental
studies on relativistic nuclear physics, spin physics, and
physics of flavors. At the same time, Nuclotron beams are
used for applied researches in radiobiology and relativistic
nuclear power. The last Nuclotron runs were dedicated to
spin physics experiments with polarized deuteron and
proton beams and formation of the heavy ion beams for the
fixed target BM&N experiments.

FORMATION AND ACCELERATION OF
POLARIZED DEUTERON AND PROTON
BEAMS

Figure 1: The NICA complex.

Upgrade of many Nuclotron systems was oriented to
formation and acceleration of polarized deuteron and
proton beams for the polarized collider mode of the NICA
project.
MC4: Hadron Accelerators
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Abstract
A proof-of-principle experiment demonstrating the feasibility of using a thin, bent crystal aligned upstream of an
extraction septum (ES) to increase the efficiency of the thirdinteger resonant slow extraction process has been carried
out at the CERN Super Proton Synchrotron (SPS). With the
primary aim of reducing the beam loss and induced radioactivation of the SPS, the crystal was aligned to both the
beam and the septum to reduce by up to 40% the beam intensity impinging the ES and increase the intensity entering
the external transfer line. In this contribution, we introduce
the concept and the prototype system that was installed in
2018 before reporting in detail on the dedicated program of
machine development studies carried out to characterise its
performance and demonstrate operational feasibility. The
performance reach and compatibility with other loss reduction techniques proposed to further increase the extraction
efficiency, such as phase space folding with octupoles, is
discussed in view of future high intensity operation.

INTRODUCTION

The main physics program at the SPS comprises the delivery of high intensity hadron beams to the North Area (NA)
experimental facility. A constant flux of particles, in a time
scale of a few seconds, is extracted from the SPS and steered
on different primary targets. In order to guarantee the requested time scale of the extraction, resonant slow extraction
is used, which results in a few per cent of beam loss. For high
intensity hadrons this induces highly problematic radioactivation of the extraction equipment. The extraction element
most exposed and activated is the electrostatic septum (ES),
which is used to make the initial separation between the
extracted and circulating beam. The focus of recent R&D
efforts has been on tackling the source of the problem and
improving the extraction efficiency [1, 2]. Presently at the
∗
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SPS, the measured inefficiency of the slow extraction process is limited by the tolerances and relative misalignment
of the long wire-arrays delimiting the low and high field
regions inside the ES [3].
In literature, past examples and discussions of concepts
where a crystal is aligned to a non-resonantly extracted beam
upstream of a magnetic extraction septum are described
using volume reflection [4, 5]. At CERN the authors took
on the challenge of aligning a thin crystal to both the ES
and the separatrix arm of a resonantly slow extracted beam,
testing both the channelling and volume reflection schemes.
We refer to this scheme as the ‘shadowing’ of the septum by
the thin, bent crystal, which forms one of the cornerstones of
the recent R&D effort on SPS slow extraction [6]. A more
complete description of the recent results described in this
paper can be found in [7].

SPS TEST CONFIGURATION
A suitable location for the crystal in Long Straight Section
(LSS) 2 was identified ∼5 m upstream of the ES separated
by a wide-aperture focusing quadrupole with 4° of betatron
phase advance from the crystal to the ES. This small phase
advance was still adequate to demonstrate the shadowing
concept. The prototype crystal and goniometer was specially
developed by the UA9 collaboration for this application and
installed in the location previously used for a prototype passive (wire-array) diffuser [8], which was swapped out during the second Injectors Technical Stop in September 2018.
More details about the prototype crystal and goniometer can
be found elsewhere in these proceedings [9].

Constant Optics Slow Extraction
At the SPS, a different way to drive the third integer slow
extraction has been developed. The so-called Constant Optics Slow Extraction (COSE) [10] has been operational at the
SPS for the second half of 2018. As discussed in [10], the imTHXXPLM2
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Abstract
The synchrotron-based MedAustron Particle Therapy
Accelerator MAPTA located in Austria, delivers proton (p)
beams for medical treatment in the energy range 62-252
MeV since the year 2016 and is in preparation to provide
carbon ions (C6+) in the range 120-400 MeV/nucleon to the
clinically used ion therapy irradiation rooms. In addition,
carbon and proton beams will be provided to a room dedicated to research, with protons up to 800 MeV. Following
beam generation at the ion sources and pre-acceleration,
the beam is injected into a 77 m long synchrotron, that accelerates particles up to the required energy for clinical
treatment, see Fig. 1. A 3rd-order resonance slow extraction is used to extract particles from the synchrotron in a
controlled process and transfer the beam to 4 irradiation
rooms with a spill length (0.1) 1÷10 seconds, to facilitate
the control of the delivered dose to the patient. Recently,
commissioning of the accelerator with carbon ions from
the source to the horizontal beam line of the second irradiation room has been successfully completed. Carbon and
high energy proton commissioning continues for the other
beam lines. In parallel, the installation of the proton Gantry is ongoing. A review of carbon commissioning, the accelerator status and an outlook to future roadmap projects
are presented.

INTRODUCTION

The MedAustron accelerator delivers proton and carbon
ion beams for cancer treatment to four irradiation stations
and in full operation is expected to treat up to 1200 patients
per year. The center also provides infrastructure
installations for clinical and non-clinical research with
researchers coming from national and international
research institutes. At this stage, the patient treatment is
performed with protons in two rooms, and by the first 5
months of 2019, about 100 patients have been treated, with
a weekly machine uptime during clinical operation > 95%.

ACCELERATOR LAYOUT

The accelerator is a design originating from the PIMMS
and CNAO [1, 2, 3]. Three Supernanogan Electron Cyclotron Resonance Ion Sources (ECRIS) are designed to provide either 𝐻 and 12C4+ beams to a low energy transfer
line (LEBT) and subsequently to a Linac consisting of a
400 keV/n RFQ and an interdigital H-mode (IH) DTL that
___________________________________________
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accelerates the beam to 7 MeV/n. A multi-turn injection
from the Medium Energy Transfer Line (MEBT) accumulates particles into the synchrotron. Following RF capture
and acceleration, the beam is extracted by a third-order resonant slow extraction mechanism, driven by a resonant
sextupole and a betatron core.
The high energy beam transfer line (HEBT) transports
the beam into four irradiation rooms (IR): Room 1 dedicated to research, Room 2 with two beamlines horizontal
and vertical, Room 3 with a horizontal beamline and Room
4 hosting a proton Gantry based on a PSI design [4, 5]. The
fixed beamlines of IR1, IR2 and IR3 provide protons and
carbon [6, 7]. IR1 accommodates also protons 800 MeV.

Figure 1: MedAustron synchrotron hall.

ACCELERATOR PARAMETERS
High level requirements for clinical treatment with extension to non-clinical research define the accelerator parameters. Main parameters are listed in Table 1.
Table 1: MedAustron Accelerator Beam Parameters
Synchrotron circumference
77.6 m
Energy range protons
62.4÷252.7 (800) MeV
Energy range carbon ions
120÷402.8 MeV/n
p: 2 × 1010
Number of particles/spill (maximum)
C6+: 1.5 × 109
Horizontal extraction tune Qx,ext
1.666
Vertical extraction tune Qy,ext
1.78
Spill length carbon/proton
4s/5s
Irradiation field at patient
20 cm × 20 cm
p: 7÷21 mm
Spot size FWHM at iso-center
C6+: 6.5÷9.5 mm

CARBON COMMISSIONING
The carbon commissioning from the ion source to the
horizontal beam line of the irradiation room IR2 has been
completed in 2018 in an integrated time of ~ 6 weeks. The

MC8: Applications of Accelerators, Technology Transfer and Industrial Relations
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Abstract

Hard X-Ray Undulators

The Linear Coherent Light Source II (LCLS-II) is a free
electron laser facility currently in its final construction stage
at Stanford Linear Accelerator Center. The project includes
two variable-gap, hybrid-permanent-magnet undulator lines:
A soft x-ray undulator line with 21 undulator segments optimized for a photon energy range from 0.2 keV to 1.3 keV
and a hard x-ray undulator line with 32 undulator segments
designed for a photon energy range from 1.0 keV to 25.0 keV.
This paper focuses on the development of the hard x-ray
undulator line which utilizes uniquely-developed, verticallypolarizing undulators. To fully compensate the magnetic
force throughout the entire gap range these devices incorporate non-linear spring systems which permit the construction
of relatively compact undulators. However, significant magnetic field repeatability challenges have been encountered
during prototyping of this novel design. The paper describes
some of the innovative design improvements that were implemented which lead to reaching the LCLS-II required
performance. These final design solutions can also be advantageous improving the operation of any future undulator
design.

This paper focuses on the description of unique details
of the LCLS-II hard x-ray undulator segments. Figure 1
displays an elevation view of the hard x-ray undulator line
which consists of 4.4 m long repeating lattice cells containing
the 3.4 m long undulator segments with a 26 mm magnet
period. A lattice cell also includes a break (or interspace)
section mounted on the undulator girder which consists of
a focusing quadrupole, a beam position monitor, a phase
shifter, a collimator, vacuum pumping equipment, a gate
valve, and a beamloss monitor. The hard x-ray undulator
line includes a total of 32 undulator segments, two cells set
aside for x-ray self-seeding, and four empty cells for future
expansion.
As a novel capability the LCLS-II hard x-ray undulator
line will provide vertically polarized x-rays to users. This
polarization direction is preferred for several experimental
setups at LCLS-II [3]. For instance, x-ray photon correlation
spectroscopy utilizes a sizable and heavy detector arm designed to operate in the horizontal plane through large angles.
For such a setup an up to five-fold signal increase [1] can be
achieved by using vertically polarized x-rays. Beam splitting monochromators also benefit from vertically polarized
x-rays.

INTRODUCTION

LCLS-II

Stanford Linear Accelerator Laboratory (SLAC) is currently constructing the Linear Coherent Light Source II
(LCLS-II), a free-electron laser (FEL) which will deliver
x-rays at an energy range between 0.2 keV and 5 keV at high
repetition rate of up to ∼1 MHz (929 kHz) using a new 4 GeV
superconducting (SC) RF linac [1, 2]. To cover the full photon energy range, LCLS-II includes two new, variable-gap,
hybrid-permanent-magnet undulator lines: A soft x-ray undulator (SXR) line optimized for a photon energy range from
0.2 keV to 1.3 keV and a hard x-ray undulator (HXR) line
designed for a photon energy range from 1.0 keV to 5.0 keV.
The hard x-ray undulator can also be fed by an existing, 2.5 to
15 GeV, normal-conducting (NC), low-repetition-rate (100
Hz) linac generating 1 to 25 keV photons.
∗
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Alternative Force Compensation Schemes
Conventional undulator designs as developed for
XFEL [4] or the LCLS-II soft x-ray line [5] utilize large
aluminum strongbacks and powerful drive systems to counteract the strong (several tons) magnetic force in the undulator gap. Due to the strongback size these planar undulators
are operated in a vertical gap configuration providing horizontally polarized x-rays. It is not practical to rotate these
devices by 90 degrees due to their large size.
Several laboratories have developed undulator prototype
structures utilizing alternate means of magnetic force compensation with the goal to eliminate the need for large mechanical I-beam structures. This would permit more compact
undulator designs.
The magnetic force in an undulator decreases exponentially with increasing gap (see for instance Fig. 4). Special
magnetic [6, 7], hydraulic [8], or mechanical spring [9, 10]
compensation schemes have been designed to mirror such
exponential force behavior. However, the stringent undulator
MC2: Photon Sources and Electron Accelerators
T15 Undulators and Wigglers
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Abstract
In the past two decades, radio-frequency (RF) controls
have improved by two orders in magnitude achieving
meanwhile sub-10 fs phase stabilities and 0.01% amplitude precision. Advances are through improved field
detection methods and extensive usage of digital signal
processing on very powerful field programmable gate
arrays (FPGAs). The question rises, what can be achieved
in the next 10 years? In this paper, a review is given of
existing systems and strategies, current stability limitations of RF control systems and new technologies with
the potential to achieve attosecond resolutions.

RF CONTROLS WITH FS-PRECISION

Pump-and-probe experiments at Free-Electron-Lasers
with 10 fs resolution require ultra-short electron beams
with excellent longitudinal phase space and time jitter
stability. This requires multiple bunch compressor stages,
short- and long-term stable RF field in the accelerating
modules and a precise reference distribution system.

RF-Controls Noise Contributions

In this section, the main noise contributions caused by
the RF-control and their impact on the additional timing
jitter are derived. Operating the accelerating structures at
frequency 𝑓 , the arrival time jitter after a bunch compressor is given by [1]
𝜎,

≈

+

+

𝜎,

(1)

with t,in and t,out the incoming and outgoing arrival
time jitter, 𝜎 and 𝜎 the RF amplitude and phase stability, C the compression factor and R56 the momentum
compaction factor of the chicane. To achieve a timing
jitter in the order of 10 fs the relative RF amplitude stability and phase stability of the RF-control system with respect to the reference must be typically in the order of
0.01 %, respectively 0.01 deg at 1.3GHz cavity frequency.
Neglecting cavity effects like micro-phonics, Lorentzforce detuning and beam-loading, the cavity regulation
system can be solved algebraically within a small signal
analysis in the Laplace-domain [2] or numerically for
amplitude and phase. Assuming only white noise contriand actuator
butions from the field detection 𝑆 , ,
chain 𝑆 , , , proportional gain 𝑔 and cavity bandwidth
𝑓 , the minimum integrated jitter within the effective
noise bandwidth 𝑔 𝑓 with (9,10) from [2] leads to
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According to (2) cavities with smaller bandwidth produce less jitter. The loop latency is limited by cable propagation of 5.5 ns/m and FPGA processing delays to about
𝑡 =1 us, which limits for high bandwidth cavities of 100
kHz the gain to 1…5, requiring an actuator chain jitter in
the order of 10 fs...20 fs. Low bandwidth cavities in the
order of 100 Hz benefit from gains of more than 100 to
suppress actuator noise. The demands on the field detection are less than 10 fs within the pulse repetition rate and
effective noise bandwidth, typically [10 Hz, 100 kHz].

Field Detectors
The requirements on the field detectors in the GHzrange for superconductive cavities with less than 10 fs
resolution for amplitude and phase are demanding.
 Amplitude and phase detection with 360deg
 Short-term stability <0.01%,<0.01o [10Hz,10MHz]
 Long-term stability <0.01%,<0.01o [forever,10Hz]
 Nonlinearity
< -60dBc, <1% error
 Channel crosstalk
< -80dB...-100dB
 Overall latency
<100ns
 No AM to PM, no PM to AM conversion
Even though the LLRF community profits from the telecommunication industry, it was clear at that time, that
such kind of detectors did not exist. This leads to the main
features: 360 deg detection, short-term stability, channelto-channel crosstalk, latency and no PM to AM conversion. Today widely used is the non-IQ sampling, which
combines the advantages of existing technologies with
phase noise power densities varying between 150 and 160
dBc/Hz provide sub-10fs resolution in various formfactors. The performance and spectral purity can be verified by splitting a reference into the detector providing
zero differential phase noise. Since the amplitude detection is absolute the reference must have sufficient low
amplitude noise. Such fingerprint is shown in Fig. 1 for a
commercial detector in MicroTCA.4 crate form factor.
The down-converter (DRTM-DWC10) operates at 1.3
GHz, with an intermediate frequency of 54.167 MHz,
which is non-IQ sampled in a 16-bit digitizer
(SIS8300L2V2) with a sampling rate of 81.25 MHz. Its
spurious free raw data wideband and narrow band spec-
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Abstract
Operating a storage ring close to a horizontal resonance
and manipulating the transverse non-linear beam dynamics
can generate stable Transverse Resonance Island Buckets
(TRIBs), which give a 2nd stable orbit in the ring. Both orbits
can be populated with different electron bunch filling patterns and provide two different radiation sources to the user
community. Such a machine setting has been established
at BESSY II and was tested under realistic user conditions
in a first ‘TRIBs/Two Orbit User Test Week’ in February
2018. Results and user feedback will be discussed in this
contribution.

INTRODUCTION & MOTIVATION
Fig. 1 shows the source point image when both orbits
are populated with electron bunches. The main purpose
of all TRIBs studies [1–4] at BESSY II is to carry out all
the necessary proof-of-principle experiments to verify if
a realistic two orbit user operation mode with TopUp
injection is possible.

Figure 1: Source point image from a X-ray pinhole camera
at a ring dipole at a 1/3 integer resonance. The central beam
spot belongs to the main orbit and the three outer spots to
the island orbit.
The diverse user community of a storage ring based synchrotron light source sets different and often even contradicting demands on the radiation source. High average
brightness and photon flux-hungry experiments led to the
development of Diffraction Limited Storage Rings using low
emittance multi-bend-achromat (MBA) lattices in order to
provide transverse coherent radiation. On the other hand
time-resolved experiments focus on other parameters such
as:
photon pulse length for high temporal resolution, which
drives the BESSY VSR [5] upgrade project and
photon pulse repetition rate for coincidence, relaxation,
time-of-flight and pump-probe experiments.
∗
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For the upcoming MBA light sources, so far, only very long
bunches of a few hundred pico-seconds length in a homogeneous multi bunch (MB) filling are foreseen to avoid reduced
lifetime, intra-beam scattering and collective instabilities.
This will make time-resolved experiments more difficult at
these facilities, which has already triggered an ongoing discussion and the request for timing modes with different pulse
repetition rates [6].
The pulse repetition rate can be easily changed in a storage ring based light source by changing the stored filling
pattern. The lowest repetition rate is achieved when only
one electron bunch is stored in the ring in a so called Single
Bunch (SB) operation mode. Since the bunch moves nearly
with the velocity of light the lowest repetition rate is given
by the circumference, i.e., the orbital period, of the ring. At
BESSY II with 240 m, it is 1.25 MHz (=ˆ 0.8 µs). The highest repetition rate is provided when all buckets are filled. It
is given by the frequency of the radio frequency system frf ,
which each turn restores the energy electrons lost during
radiation. Many storage rings operate with frf = 500 MHz
(=ˆ 2 ns bunch spacing) as BESSY II, others at 100 MHz (=ˆ
10 ns bunch spacing) as MAX IV.
Time-resolved experiments require repetition rates from
0.2 MHz to 20 MHz. Single bunch or few bunch fillings
fulfill this requirement [7] to a large extent, but due to the lack
of intensity needed for the average brightness experiments,
they are offered only for a few weeks per year.
Photon pulse and electron bunch separation techniques are an other approach to fulfill the requirements for
high average brightness and flexibility in repetition rate, simultaneously. Therefore, at some facilities an advanced
electron fill-pattern is stored in the ring [8] and in the best
case at each beamline the user can choose the desired radiation source for his experiment.
Temporal separation of photon pulses is realized locally at
each beamline by blocking and passing photon pulses with
mechanical choppers such as rotating discs with slits or with
electro-acoustic choppers based on the grazing incidence
x-ray diffraction on fast switching surface acoustic waves.
Spatial separation of electron bunches in the ring is a more
efficient and elegant way to provide different repetition rates,
since the radiation sources are already intrinsically spatial
separated, in the best case available at all beamlines. Two
different methods have been established so far: a) the vertical
kicking of one bunch of the filling pattern on another vertical
orbit with a fast kicker magnet and b) the PPRE, PulsePicking-Resonant-Excitation, method. Here, one bunch of
the filling is blown up by quasi-resonant excitation in the
horizontal plane. By blocking the central part of the radiation
of all bunches and accepting only light from the bloated

THYYPLM2
3419

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THYYPLM3

HIGH-CHARGE INJECTOR FOR ON-AXIS INJECTION INTO A HIGHPERFORMANCE STORAGE RING LIGHT SOURCE*
K. Harkay†, I. Abid, T. Berenc, W. Berg, M. Borland, A. Brill, D. Bromberek, J. Byrd, J. Calvey,
J. Carvelli, J. Dooling, L. Emery, T. Fors, G. Fystro, A. Goel, D. Hui‡, R. Keane, R. Laird,
F. Lenkszus, R. Lindberg, T. Madden, B. Micklich, L. Morrison, S. Pasky, V. Sajaev, N. Sereno,
H. Shang, T. Smith, J. Stevens, Yine Sun, G. Waldschmidt, J. Wang, U. Wienands, K. Wootton,
A. Xiao, B.X. Yang, Yawei Yang, C.Y. Yao, Argonne National Laboratory, Lemont, IL 60439, USA
A. Blednykh, Brookhaven National Laboratory, Upton, NY 11973, USA
A. Lumpkin, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
Abstract
Next-generation, high-performance storage ring (SR)
light sources based on multibend achromat optics will require on-axis injection because of the extremely small dynamic aperture. Injectors will need to supply full-current
bunch replacement in the SR with high single-bunch
charge for swap-out. For upgrades of existing light sources,
such as the Advanced Photon Source Upgrade (APS-U), it
is economical to retain the existing injector infrastructure
and make appropriate improvements. The challenges to
these improvements include achieving high single-bunch
charge in the presence of instabilities, beam loading,
charge stability and reliability. In this paper, we discuss the
rationale for the injector upgrades chosen for APS-U, as
well as backup and potential alternate schemes. To date, we
have achieved single-bunch charge from the injectors that
doubles the original design value, and have a goal to
achieve about three times the original design value.

INTRODUCTION
Many synchrotron light source facilities are pursuing the
development of multibend achromat (MBA) storage rings,
either on a green field [1-3] or as upgrades to existing facilities [4-11]. An MBA can reduce the horizontal emittance by 1-2 orders of magnitude compared to a third-generation synchrotron of the same circumference, thereby increasing the x-ray brightness dramatically. The emittance
and transverse acceptance tend to be correlated [12], and
this presents a challenge for injection. Some MBA designs
under development plan for off-axis accumulation, which
typically require a low-emittance injector or incorporate
new ideas, such as using an anti-septum [11]. Higher-performance MBA designs, i.e., those approaching 2 orders of
magnitude emittance reduction, require on-axis injection.
The most straightforward on-axis injection scheme is
swap-out, where the injectors produce enough singlebunch charge to perform complete bunch replacement [13].
Alternatively, there are a number of schemes under study
to determine the feasibility of on-axis injection with accumulation. Examples include off-momentum injection [14],
rf manipulation [3], or using a nonlinear kicker [15].

A comprehensive evaluation of the various injection
schemes was recently reviewed [12] and is beyond the
scope of this paper. Instead, we focus on meeting swap-out
injector requirements for a high-performance MBA upgrade to an existing facility. Swap-out places the highest
demand on injector bunch charge. We use the example of
APS-U to describe how the challenging demands on the
injector were addressed, given the constraints of the existing infrastructure.

DESIGN CHOICES FOR INJECTOR
It can be cost-effective upgrade the injector while keeping its basic structure. There is no single solution, but rather a set of design choices based on feasibility and practical considerations. While APS-U is a specific case, upgrade ideas could be translated to other facilities. In the following sections, we discuss the rationale for the baseline
and backup upgrade plans, as well as alternatives.
The basic layout of the APS injectors for APS-U is
shown in Fig. 1. The linac provides 1-nC pulses at a 30-Hz
rate. Up to 20 pulses are accumulated and damped in the
particle accumulator ring (PAR) [16] at the fundamental rf
frequency. In the final 230 ms of the 1-s cycle, the single
bunch is captured in a 12th harmonic rf system and the
bunch length is further compressed. The bunch is injected
into the booster where it is ramped to full energy and extracted into a transport line that was redesigned for matching into the MBA storage ring (SR) [17].

___________________________________________
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Figure 1: APS-U injector complex.
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ON-DEMAND BEAM ROUTE AND RF PARAMETER SWITCHING
SYSTEM FOR TIME-SHARING OF A LINAC FOR X-RAY FREEELECTRON LASER AS AN INJECTOR TO A 4TH-GENERATION
SYNCHROTRON RADIATION SOURCE
H. Maesaka†, T. Ohshima1, N. Hosoda1, C. Kondo1, T. Fukui, T. Hara, T. Inagaki1, H. Tanaka,
RIKEN SPring-8 Center, Sayo, Hyogo, Japan,
K. Okada, M. Yamaga, S. Matsubara, JASRI/SPring-8, Sayo, Hyogo, Japan
O. Morimoto, T. Hasegawa, Y. Tajiri, S. Tanaka, M. Yoshioka, SPring-8 Service Co. Ltd., Tatsuno,
Hyogo, Japan
1
also at JASRI/SPring-8, Sayo, Hyogo, Japan
Abstract
We have an upgrade plan to dramatically reduce the natural emittance of the current SPring-8 storage ring, and we
will use the linac of the x-ray free-electron laser (XFEL),
SACLA, as an injector. To share the SACLA linac for both
XFEL beamlines and the storage ring, the beam route and
parameters must be switched on-demand basis. We have,
therefore, developed an on-demand beam route and parameter switching system with sufficient speed, precision and
reliability. Beam route data are transmitted to each accelerator unit by a reflective memory network, and rf parameters of each unit are changed by special software shot-toshot according to the received data. We tested the on-demand switching system at a test bench and the SACLA
linac. The beam route and parameters were appropriately
controlled with a negligible failure rate of less than 2.5 ×
10 /shot/unit . The time-sharing operation of the
SACLA linac will be started in the next year.

INTRODUCTION
For a fourth-generation ring-based synchrotron radiation
light source (4GLS) using a multi-bend achromat lattice, a
low-emittance injector is necessary for effectively injecting
the beam to the ring with a narrow dynamic aperture. Some
of the 4GLS projects, mainly 3 GeV class machines, are
designed with linac-based full-energy injectors, which has
a possibility to drive a (soft) x-ray free-electron laser
(XFEL). Therefore, time-sharing of a high-quality linac is
a key issue of a 4GLS project combined with an XFEL.
We have an upgrade plan of SPring-8 to reduce the ring
emittance from 3 nm rad to 0.1 nm rad, SPring-8-II [1],
which is a typical 6 GeV class 4GLS project using a linacbased injector. Electron beams from the XFEL facility,
SACLA [2], will be shared for the beam injection together
with the XFEL operation. The beam injection from SACLA
is also planned for the present SPring-8 storage ring in advance [3] to reduce the electric power consumption and the
maintenance cost by shutting down the current injector.
To provide electron beams from the SACLA linac to
both XFEL beamlines and the SPring-8(-II) injection in
parallel, we need to switch some beam parameters for each
shot. Although the beam energy of SPring-8(-II) is fixed,
____________________________________________
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that of an XFEL beamline is often changed according to the
desired XFEL photon energy. The bunch length for an
XFEL beamline is required to be as short as 10 fs, while
the SPring-8-II prefers a longer-bunch beam to reduce an
emittance growth due to coherent synchrotron radiation
(CSR) in bending magnets distributed over the beam
transport line. The beam injection frequency of SPring-8-II
is 10 Hz for an initial injection and once a few minutes for
top-up operations, while the repetition rate of the SACLA
linac is 60 Hz. In order to utilize the remaining beam shots
for XFEL beamlines, a flexible beam route and parameter
switching system is necessary for the SACLA linac.
To satisfy the requirements above, we have developed an
on-demand beam route and parameter switching system for
SACLA. This system is designed to change the beam energy, bunch length and beam route for each shot of a machine with a 60 Hz repetition rate on-demand basis. We describe the design of the system and the results from a test
setup and a test experiment of SACLA in this article.

ON-DEMAND BEAM ROUTE AND
PARAMETER SWITCHING SYSTEM
Overview of SACLA
A schematic layout of SACLA is shown in Fig. 1. The
SACLA linac consists of a low-emittance thermionic electron gun [4], sub-harmonic accelerators [5], and C-band
main accelerators [6]. SACLA has three XFEL beamlines
(BL1–3) and a beam transport to the storage ring (XSBT):
the main linac provides electron beams to BL2, BL3 and
XSBT, and a dedicated small linac is used for BL1. The
beam route of the main linac is switched by a kicker magnet for BL2, BL3 and XSBT [7, 8]. The maximum beam
energy is 8 GeV and the maximum repetition rate is 60 Hz.

Current Beam Route and Parameter Switching
Scheme
Since SACLA has been operated with two XFEL beamlines driven by the main linac since 2016, we already developed a beam route and parameter switching system with
minimal functions [9]. The requirements for the current
system are the beam energy and bunch length control for
each beamline and the beam route switching in an equal
rate one after another.
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DIFFERENT VERSIONS OF CRYOGENIC CURRENT COMPARATORS
WITH MAGNETIC CORE FOR BEAM CURRENT MEASUREMENTS*
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Abstract
For more than 20 years Cryogenic Current Comparators
(CCC) are used to measure the current of charged particle
beams with low intensity (nA-range). The device was first
established at GSI in Darmstadt and was improved over the
past two decades by the cooperation of institutes in Jena,
GSI and CERN. The improved versions differ in material
parameters and electronics to increase the resolution, and
in dimensions in order to meet the requirements of the respective application.
The device allows non-destructive measurements of the
charged particle beam current. The azimuthal magnetic
field which is excited by the beam current is detected by a
low-temperature Superconducting Quantum Interference
Device (SQUID) sensor. A complex shaped superconductor cooled down to 4.2 K is used as magnetic shielding and
a high permeability core serves as flux concentrator.
Three versions of the low-temperature superconducting
CCC shall be presented in this work: (#1) GSI-Pb-CCC
which was running at GSI Darmstadt in a transfer line, (#2)
CERN-Nb-CCC currently installed in the Antiproton Decelerator at CERN and (#3) GSI-Nb-CCC-XD which will
start operation in the CRYRING at GSI 2019. Noise, signal
and drift measurements were performed in the Cryo-Detector Lab at the University of Jena.

INTRODUCTION
The first CCC with magnetic core for beam current
measurements #1 was running at GSI in the late 90’s. The
motivation to build such a device was the necessity of a
non-destructive online beam diagnostics instrument for
small beam currents. Based on extraction times of 1 – 10 s,
the currents of a high energy beam transport system can
___________________________________________
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widen to some hundreds of nanoamperes. Many detector
working principles, i.e. scintillators or ionization chambers, are based on the interaction between a material and
the beam which affects the beam. The CCC was the only
device which was able to fulfil all requirements for nondestructive, online, radiation resistant measurements with
a device which is suitable for vacuum and enables an absolute calibration [1].
The good functionality of this prototype triggered further
development of CCC’s for beam current measurement. To
measure other beam low particle beam intensities and slow
extraction processes it was necessary to increase the resolution. Additionally, further improvement of the bandwidth
was achieved. Two improved version of the CCC accommodating a larger beam diameter, presenting a better
shielding against external fields, and using different material for the shielding and the core were developed (#2) (#3).
The shielding efficiency in dependence of the inner and
outer diameter of the magnetic shield was investigated and
optimized by extensive simulations [2, 3].
Table 1: CCC Dimensions
CCC- Sensor
Completed
Diameter (mm)
inner/ outer
Length (mm)

(#2)
2013

(#3)
2017

147/ 260
95

185 / 280
193

250 / 350
207

OPERATION PRINCIPLE
The operation principle is the same as for a commercially available AC current clamp measuring the current
flowing in an electrical conductor using the transformer
principle (see Fig. 1). Here the primary winding is the conductor to be examined and the signal in the secondary
winding serves as a measure of the current in the conductor.
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A REMOTE-CONTROLLED ROBOT-CAR IN THE TPS TUNNEL
T. Y. Lee*, B.Y. Chen, T.W. Hsu, B.Y. Huang, W.Y. Lin, C.H. Kuo
National Synchrotron Radiation Research Center, Hsinchu, Taiwan
Abstract
A remote-controlled robot-car named “PhotonBot” was
put into the TPS accelerator tunnel and is equipped with a
360 o LiDAR for SLAM and navigation, two cameras for
perception and first-person view, and a thermal imaging
system. The robot can be remotely controlled and can send
data to a remote PC through Wi-Fi. With SLAM, it can go
more freely without being restricted to a designated path.
In order to ensure it can work continuously, there is a wireless charging station in case of a low battery.

DYNAMIXEL XM series can be operated by one of six
operating modes: velocity control mode for wheels, torque
control mode or position control mode for joints, etc. The
robot is thereby able to get precise spatial data by using two
DYNAMIXELs in the wheel joints. The PhotonBot can
bear a load of up to 30 kg and its maximum translational
velocity reaches 0.26 m/s [5].

INTRODUCTION
In the last few years, robotic technology has found more
and more application areas. For example, TIM, the Train
Inspection Monorail, is a mini vehicle autonomously monitoring the 27-km long LHC tunnel and moving along
tracks suspended from the tunnel's ceiling. It is packed with
sensors for visual inspection, infrared imaging and environmental monitoring (oxygen, temperature) and was put
into use in 2016 [1]. In 2018, they came up with a robotic
platform called “CERNBot” for complex interventions in
presence of hazards like ionisation radiation. The platform
is modular and flexible [2][3]. A mobile autonomous robot
platform, MARWIN, is designed for performing maintenance and inspection tasks alongside the European XFEL
[4].
The Taiwan Photon Source (TPS) with a circumference
of 518.4 m includes a low-emittance synchrotron storage
ring and a booster with an energy of 3 GeV. To monitor the
environment inside the tunnel during top-up injection
mode, a remote-controlled mobile robot named “PhotonBot” was developed.

This is a preprint — the final version is published with IOP

SPECIFICATIONS
The PhotonBot is developed from a model called ”Turtlebot3 waffle-Pi”, which is a product from the company
ROBOTIS [5]. It consists of a single board computer
(Raspberry Pi 3 Model B), a 360o Laser Distance Sensor
(LDS-01), a Raspberry Pi camera, a main robot controlling
board (OpenCR1.0), a Bluetooth module, 2 servo actuators
(Dynamixel XM430), a Li-Po battery and a 3D printed
scalable structure (Fig. 1). The 360o Laser Distance Sensor LDS-01 is a 2D laser scanner capable of sensing 360 o
collecting data from the robot’s environment to use for
Simultaneous Localization and Mapping (SLAM) and
Navigation. OpenCR is the main robot controller board and
is an open-source control module for Robot Operating System (ROS), developed for ROS embedded systems to provide completely open-source hardware and software. The
___________________________________________
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Figure 1: Turtlebot3 waffle-Pi.

BASIC OPERATION
The PhotonBot can be controlled through Wi-Fi as long
as both the single board computer (SBC) and the remote
PC are connected to the same router. The following describes some basic operations.

Teleoperation
The robot can be teleoperated by various devices such as
a keyboard, PS3 and XBOX 360 joysticks. It can be moved
linearly or to rotate by using interactive markers on ROS
visualization (RViz) (Fig. 2). It can also be moved or
stopped by LDS data and it stops automatically when it detects an obstacle ahead. The robot can be moved by 2D
point (x, y) and z-angular. For example, if one inserts (1, 1,
90), it moves to point (x = 1 m, y = 1 m) and then rotates
90 o (Fig. 3).

Figure 2: Interactive markers on Rviz: drag the red arrows
to move the robot forward or backward and the blue circle
to rotate.

lee.ty@nsrrc.org.tw
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2019 NISHIKAWA TETSUJI PRIZE TALK
V. Shiltsev*, Fermilab, PO Box 500, Batavia IL, 60510, U.S.A
Abstract
The talk is given at the IPAC19 on the occasion of acceptance of the Nishikawa Tetsuji Prize for a recent, significant, original contribution to the accelerator field, with no
age limit with citation “for original work on electron lenses
in synchrotron colliders, outstanding contribution to the
construction and operation of high-energy, high-luminosity
hadron colliders and for tireless leadership in the accelerator community.”

TRIBUTE TO PROF. NISHIKAWA
It is a great honour for me to receive the 2019
ACFA/IPAC Nishikawa Tetsuji Prize. Prof. Nihsikawa –
see Fig.1 - was among the pioneers of particle accelerators
who shaped our field at its early stage. After making a significant contribution to the BNL linac in 1964-1966, he
moved to Japan and established Japan National Lab for
High Energy Physics in 1969 (now KEK) and later was instrumental in inception, design, construction, commissioning and operation of such remarkable facilities as the 12
GeV proton synchrotron [1], neutron facility J-PARC, the
500 MeV cancer treatment synchrotron, the KEK Photon
Factory, and TRISTAN electron-positron collider. Prof.
Nishikawa was also a man of great integrity and an active
supporter of the international cooperation, in particular, between Japan and the US [2].

Figure 1: Tetsuji Nishikawa (1926-2010).
Below I will briefly outline the activities of myself and
my teams noted in the prize citation and discuss the
progress of my current research topics.

___________________________________________
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ELECTRON LENSES
I got PhD in accelerator and beam physics from BINP
(Novosibirsk, Russia) in 1994, and worked in leading accelerator laboratories in Protvino (Russia), the SSCL
(USA) and DESY (Germany) before joining Fermilab in
1996 where I shortly thereafter initiated the project of
beam-beam compensation with Tevatron Electron Lenses
[3,4,5]. Since then the electron lenses - a novel instrument
for high-energy particle accelerators – have been added to
the toolbox of modern beam facilities, being particularly
useful for the energy frontier superconducting hadron colliders (“supercolliders”) [6]. The physics mechanism of the
electron lens is the space-force of liny beam of low energy
electrons, immersed in strong longitudinal magnetic field.
The space-charge force effectively acts on accelerator’s
high energy beam moving along (or colliding) with the
electron beam while the effect of longitudinal magnetic
field is usually a minor, correctable imperfection. Transverse motion of electrons is essentially frozen along the
magnetic field lines which therefore assures outstanding
stability of the electron beam.
Given that the electron beam transverse shapes and longitudinal current modulation patterns can be broadly varied
(usually, created at an electron gun) [7] the electron lenses
have become a uniquely flexible instrument. In the Fermilab Tevatron 2 TeV proton-antiproton collider two TELs
were built and installed in 2001 and 2004 (see Fig. 2), operated till the end of the Run II in 2001 and used for :a)
compensation of long-range beam-beam effects (the
TELs varied tune shift of individual 1 TeV bunches by
0.003-0.01) [8]; longitudinal collimation – removal the DC
beam particles from the abort gaps - for 10 years in regular
operation [9]; studies of head-on beam-beam compensation [10,11]; demonstration of halo scraping with hollow
electron beams [12, 13]. Since 2015 two electron lenses are
installed in RHIC at BNL and very successfully used for
head-on beam-beam compensation leading to doubling the
luminosity in proton-proton collisions [14]
World-wide efforts on the electron lenses currently cover
several areas of research: a) hollow electron beam collimation of protons in the HL-LHC [15, 16]; b) long-range
beam-beam compensation with electron lenses as currentbearing “wires” in the HL-LHC [17, 18, 19]; c) generation
of nonlinear integrable lattices with special transverse current distribution 1/(1+r2)2 – first proposed in [20, 5] - eg in
the IOTA ring [21, 22]; d) to generate tune spread for Landau damping of broad spectrum of coherent instabilities
[12,23] in, e.g., the LHC, FCC-hh (where electron lens can
outperform some 10,000 octupoles), or FNAL Recycler; e)
to compensate space-charge effects in modern high-intensity RCSs [24, 25].
The electron lenses usually employ low energy (~10kV),
high current (1-10 A) sub-mm size magnetized electron
THAPLM3
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OPTICS DESIGN AND BEAM DYNAMICS SIMULATION FOR A VHEE
RADIOBIOLOGY BEAM LINE AT PRAE ACCELERATOR
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M. Dosanjh - CERN, Switerland

Abstract

The Platform for Research and Applications with Electrons (PRAE) is a multidisciplinary R&D facility gathering
subatomic physics, instrumentation, radiobiology and clinical research around a high-performance electron accelerator
with beam energies up to 70 MeV. In this paper we report
the complete optics design and performance evaluation of a
Very High Energy Electron (VHEE) innovative radiobiology
study, in particular by using Grid mini-beam and FLASH
methodologies, which could represent a major breakthrough
in Radiation Therapy (RT) treatment modality.

INTRODUCTION

Currently most widely used RT modality is the conventional linear accelerator delivering 6-10 MV photon beams
and, in a small proportion, 3-25 MeV electron beams. Higher
energy photon beams (e.g. up to 25 MV) are or have been
in use for clinical targets, but are not widely used RT techniques and generate neutrons. Currently, there is a growing
interest in the biomedical community for VHEE beams ranging from 50 to 300 MeV [1, 2]. Increasing the energy above
70 MeV presents the following advantages: i) the penetration becomes deeper and the transverse penumbra sharper
thus allowing a more precise treatment of deeper tumors ii)
the small diameter VHEE beams can be scanned avoiding
mechanical solutions such as the multileaf collimator iii)
a rather smaller sensitivity to tissue heterogeneity can be
achieved with VHEE beams under certain conditions [3]
iv) VHEE accelerators may be constructed at significantly
lower cost than current proton facilities. The VHEE could
be of particular interest for treating deep, large or small tumours with several distinct beam entrances within the same
radiotherapy session, performing better than current photonbased treatments in terms of doses delivered to surrounding
healthy tissues [2]. This would allow to treat patients with
VHEE beam directly or with innovative ways of dose delivery, with an increase of the normal tissue tolerance like
Grid therapy mini-beams [4] or ultra-high dose rates FLASH
beam [5], in a more convenient manner with VHEE compared to conventional photon beams.
In the following, the design of a VHEE accelerator is illustrated, including the RF gun, the linac and a beam line
dedicated to pre-clinical studies. Subsequently the interactions of different aspects of the VHEE with materials
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are shown. The platform layout and performance has been
optimized to enable radiation biologists and radiation oncologists to investigate the molecular and cellular impacts of
VHEE beams on normal tissues (e.g. brain, lung, gut) as
well as tumours and compare these effects to conventional
radiation therapies (e.g. 5-25 MeV electrons and 6-10 MV
photons).

VHEE ACCELERATOR: RF GUN, LINAC
AND RADIOBIOLOGY BEAM LINE
The PRAE accelerator consists of a photo-injector, an acceleration section and two beam lines with the corresponding
experimental setups: the subatomic physics in the direct line
and the instrumentation and radiobiology platform sharing
the deviated line, as shown in Figure 1. The RF gun is located on the left of this figure. The cyan box shows the first
HG linac. After the linac, a quadrupole doublet is used to
focus the beam. A drift space of about 4 meters is left for
a second HG linac which can boost the electron energy to
140 MeV in future. A quadrupole triplet is used to confine
the beam as well as allowing to measure the beam emittance.
After the triplet, a dogleg with two 30◦ dipole magnets (pink
boxes) are used to deviate the beam following the building
constrains and providing a separated area for the radiobiology experiments. Between the dipoles three quadrupoles
are used to match the dispersion and beta function. Finally,
another quadrupole triplet is used to achieve the beam requirements for the Grid mini-beams and FLASH modalities.

RF Gun and Linac
Since the Grid mini-beam requires a low-emittance beam
(5 mm mrad is assumed), a photo-injector has been chosen
as the electron source. The photo-injector consists of a
normal conducting RF gun, a drive-laser and two focusing
solenoids. To obtain high-charge (1nC) per bunch, a metallic
magnesium photocathode will be used. The RF gun is a Sband (3GHz) gun, made of 2.5 copper cells, magnetically
coupled to a waveguide. To get an emittance lower than 5 mm
mrad for the high bunch charge, an accelerating field of 80
MV/m is required, which means a RF power of 5 MW in a 3
µs pulse. The electron energy gain at the exit of the gun will
be about 5 MeV. Using the magnesium cathode, a laser with
wave length of 266 nm is adopted. The pulse length for the
laser is chosen as 3 ps. After the RF gun, an instrumentation
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THE PRORAD BEAM LINE DESIGN FOR PRAE
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LAL, Univ. Paris-Sud and Paris-Saclay, CNRS/IN2P3, Orsay, France
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Abstract

The Platform for Research and Applications with Electrons (PRAE) is a multidisciplinary R&D facility around a
high-performance electron accelerator with beam energies
up to 70 MeV. One important application of the PRAE is
the proton radius (ProRad) measurement, which requires an
extremely low energy spread (5×10−4 ) and low divergence
with beam energies 30, 50 and 70 MeV. In this paper, the
beam line design and simulation for the ProRad are presented. Then the tolerance for quadrupoles misalignment is
studied and the beam-based alignment technique is used to
improve this tolerance.

INTRODUCTION

Proton is one of the most fundamental particles that had
been discovered in the universe, the exact knowledge of its radius is very important. The proton radius measured using the
Lamb shift of muonic hydrogen is 0.84184±0.00067 fm [1].
However, the electron scattering experiments gives result
0.879±0.008 fm [2]. The discrepancy between these two
methods is larger than 5 standard deviations, which is known
as proton charge radius puzzle. A large number of possible
explanations ranging from inaccurate extraction of the proton radius up to genuine physics effects and Physics Beyond
the Standard Model have been proposed to explain this striking discrepancy. However, the existing world data set is not
enough in order to provide a consensus.
The Platform for Research and Applications with Electrons (PRAE) is a multidisciplinary R&D facility around a
high-performance electron accelerator with beam energies
up to 70 MeV [3,4]. This facility can be used to measure the
proton radius at very high accuracy, providing high quality
electron beam with energy 30–70 MeV.
In the following, the requirement for the The Proton Radius (ProRad) is first presented. The principle for the energy
compressor is explained following. Then the facility of the
electron accelerator is illustrated, including the RF gun and
the linac, the beam line dedicated to ProRad. The beam
simulation and the tolerance for the quadrupoles are then
presented. Finally, a summary for these work is given.

THE REQUIREMENTS OF THE PRORAD

ProRad experiment at PRAE aims at collecting high
accuracy data (1%) about the proton electric form factor
G E (Q2 ) in the unexplored four-momentum Q2 range 10−5 –
10−4 (GeV/c2 )2 . This will give requirements for the electron
beam like: beam energies are 30, 50 and 70 MeV; bunch
charge is between 10–100 pC; energy spread is less than
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5 × 10−4 ; beam size is 20 − 30 µm in one direction and 100–
200 µm in another direction; the divergence is smaller than
50 µrad.
In the following, we will mainly focus the energy spread
requirement.

THE ENERGY COMPRESSOR SYSTEM
In order to provide the low energy spread, an energy compressor system (ECS) is needed. Fig. 1 shows the principle
of the ideal ECS. The magnetic chicane will rotate the longitudinal phase space of the incoming electron bunch such
that the head of the bunch will have energy higher than the
tail. Then a rf cavity can be used to reduce the energy spread.
The cost is the bunch length will be longer.

Figure 1: The principle of the ideal ECS.
The final energy spread for such a ECS can be expressed
as:
2
σδ2f = R65
σz2i + (1 + R56 R65 )2 σδ2i .

Here the R56 and R65 are the element of the response
matrix for the ECS, σδi and σzi are the initial energy spread
and bunch length. Using the fully compression condition
1 + R56 R65 = 0, the final energy spread depends only on
initial bunch length. The bunch length is 1 mm in our case,
the R65 will be 0.5 m−1 in order to get the energy spread
5 × 10−4 . Then the R56 will be -2 m. Given the magnets
length 0.4 m, the magnet space 2 m, the angle of the chicane
will be 38◦ . This is a really large magnetic chicane. For
a 3 GHz rf cavity with length 0.2 m, the R65 will give the
gradient 2.8 MV/m.
Usually the ECS use the RF system to reduce the energy
spread, however there are also other methods to do this.
One method is using a passive wakefield structure (dielectric or corrugated). When the electron bunch pass through
the structure, the generated wakefield reduces the energy
spread. The requirement for this method is that the electron
bunch should have a positive energy chirp (the bunch tail has
more energy). In order to use the passive structure, we must
design a chicane with small R56 . And the electron should
have a positive energy chirp at the end of the linac. The
problem for this method will the large nonlinear effect.
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Abstract
For each heavy-ion accelerator facility charge stripping
is a key technology – the stripping charge state, its efficiency to produce ions in the selected charge state, and the
beam quality after stripping substantially determine the entire accelerator performance. Modern heavy ion accelerator facilities such as the future Facility for Antiproton and
Ion Research (FAIR) at GSI, Darmstadt, Germany provide
for high-intensity heavy-ion beams beyond 200 MeV/u.
Heavy ions generated in an ion source at comparatively
low charge states are pre-accelerated in a Linac to a few
MeV/u, after charge stripping the average charge state is
increased and one (or several) ion charge states are selected
for further acceleration. This enables more efficient acceleration up to the final beam energy, compared to acceleration of ions with a low charge state. C-foil stripping allows
for highest mean charge state and best stripping efficiency
into the desired charge state. Therefore minimum acceleration voltage could be expected utilizing C-foil stripping.
Due to the high power deposited by the ions in the stripping
media and radiation damages if solids are used, self-recovering stripper media must be used in any case. First layout
scenarios for a 200MeV/u heavy ion Linac considering efficient heavy ion stripping will be presented.

INTRODUCTION

Suitable charge stripper technologies are crucial to meet
the challenging demands of modern state of the art heavy
ion accelerator facilities, as the Radioisotope Beam Factory (RIBF) at RIKEN, Wako, Japan [1], the future Facility
for Rare Isotope Beams (FRIB) at MSU, East Lansing, MI,
USA [2], the High Intensity heavy ion Accelerator Facility
(HIAF) at HIRFL, Lanzhou, China [3], and the future Facility for Antiproton and Ion Research (FAIR) at GSI,
Darmstadt, Germany [4] to provide high intensity heavy
ion beams beyond 200 MeV/u. Heavy ions generated in an
ion source at comparatively low charge states are pre-accelerated to a few MeV/u, after charge stripping the average charge state is increased and one (or several) ion charge
states are selected for further acceleration. This enables
more efficient acceleration up to the final beam energy,
compared to acceleration of ions with a low charge state
[5].
____________________________________________
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After passing heavier gas targets the shape of the charge
state distribution becomes broader and asymmetric. This
behaviour is caused by an increased contribution of socalled “multi-electron processes" in the charge-changing
collisions. In these processes, more than one electron is lost
or captured by the ion. The cross sections for multi-electron loss are increasing for higher-Z targets. By using lowZ gases, like H2 and He for stripping of 238U-beams, the
cross sections for multi-electron processes are decreased
resulting in narrower charge state distributions. The use of
H2 and He gas enables for increased stripping efficiencies
and, thus, higher beam intensities behind the gas stripper
for the targeted charge states.
For the application in accelerators it is important to note
that an increased thickness of the stripping target affects
the ion beam energy, as well as the beam emittance. The
ion beam energy is an important parameter for the injection
of the beam into the subsequent accelerator structures.
Therefore, the energy loss in the stripper has to be taken
into account when increasing the applied target thickness.
The beam emittance is a crucial parameter for the accelerator performance. It is influenced by the angular straggling
of the ions in the gas target as well as by increased space
charge forces due to higher charge states of the stripped
ions. However, multi-electron processes as well as the evolution of the beam emittance, passing the gas stripper, are
not discussed here, but have to be considered later on during detailed accelerator investigations.

CHARGE STRIPPING
A major issue associated with beam strippers for high
intensity heavy ion accelerators is the large energy deposition per unit length. Using the code SRIM [6] the energy
loss could be calculated. As an example, an Uranium ion at
16.5 MeV/u (FRIB stripper case) deposits 25.7MeV/μm
and has a range of 0.14 mm in a Carbon foil (2.25 g/cm3),
while a 1 GeV proton (i.e. SNS stripper) deposits about
0.44 keV/μm and has a range of 1.62 m. It means a ratio of
close to 60000 in linear energy deposition. This much
higher linear energy deposition produces significantly
larger radiation damage effects in solids although the beam
powers are quite lower (40kW at the FRIB stripper and
1.4MW at the SNS stripper). The thermal effects are also
more severe. This becomes important when gas or liquid
strippers are used avoiding the radiation damage to the
solid lattice. Both stripper media could produce density
MC4: Hadron Accelerators
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Abstract

Regarding the development of new accelerator facilities
for high-intensity ion beams, the transfer of ions to higher
charged states is a prerequisite achieve the desired energies. At present, mainly gas and film stripper are used for
increasing the particle charge state. However, the stripping
technologies such as film and gas stripper either requires
great effort or are not suitable. One promising alternative
to the before mentioned methods is the use of a plasma as
stripper. The advantages of a plasma stripper are a higher
effectiveness as a gas stripper and a higher lifetime as a
film stripper. For this reason, stripper is proposed for the
FAIR project (Facility for Antiproton and Ion Research), a
new international accelerator laboratory at the GSI in
Darmstadt, Germany.
In experiments with a Z-pinch plasma, the effect of a
plasma as a stripper method for increasing the equilibrium
charge states has already been demonstrated [1]. A disadvantage of Z-pinch, however, is the electrode erosion,
whereby the lifetime of the system is limited.
In the case of an inductive ignition of a plasma no electrode erosion occurs, and the magnetic field extends predominantly in the centre of the coil parallel to the beam has
no influence on the beam optics.
Due to a high interest in the stripping method based on
the ion beam-plasma interaction, the plasma physics group
of the Institute of Applied Physics at the University of
Frankfurt is researching on an alternative for the Z-pinch
plasma cell. During our research, various prototypes and
solutions have been investigated. As a result, the optimal
ignition criterion for the inductively coupled plasma ignition was determined, the optimal geometry of the discharge
vessel, the required particle density and temperature of the
plasma were calculated [2] [3]. Different coil configurations have been developed, built and tested [4] [5] [6]. With
some of them (spherical theta pinch and spherical screw
pinch), beam time experiments were performed [7].
This contribution presents the current state of plasma
strippers with fully ionized hydrogen with simultaneously
high particle densities in the range of some 10 17 cm-3 for
FAIR.
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Figure 1: Rates for 1.5 MeV/u iodine in cold hydrogen gas
with ne = 1017 cm-3. Here the equilibrium charge state is
about 21 (arrow), thus considerably less than in the plasma
case [8].
However, this type of recombination is not relevant to
the fully ionized plasma target because of the absence of
such electrons (Figure 2).

INTRODUCTION

Several processes are responsible for the interaction between ion beam and stripping medium. The projectile ions
are deprived of electrons on their way through the target by
Coulomb collisions, but at the same time the electrons are
trapped by various recombination processes. Since these
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processes are simultaneous, the final state of ions is determined by dynamic equilibrium. When ionization cross sections for plasma and cold gas targets are virtually identical,
the recombination cross sections are determined by several
state dependent processes. Recombination is the sum of
capture-bound electrons, radiative recombination, and Auger recombination (dielectric recombination).
In cold gas, the capture of bound electrons is the recombination with the largest cross section. An example of iodine projectiles with 1.5 MeV / u in hydrogen gas may be
up to 10-8 cm3 / s (Figure 1).

Figure 2: Equilibrium charge state Zeq for I → H. The target is either 10 eV hydrogen plasma with ne= 1017 cm-3 or
cold gas of the same density. Dielectronic recombination is
not considered [8].
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MICROTCA TECHNOLOGY LAB AT DESY:
CURRENT CASES IN TECHNOLOGY TRANSFER*
T. Walter, I. Mahns, H. Schlarb, DESY, Hamburg, Germany
Abstract
MicroTCA-based LLRF systems for beam control and
beam diagnostics are gaining traction in many facilities
around the world. Over the past decade, a comprehensive
portfolio of hardware solutions (boards, crates, backplanes) has become available to cater for demanding
signal processing applications in state-of-the-art facilities
like the European XFEL.
Gradually, industrial applications of MicroTCA also
have become more common. In response to various requests, DESY has opened the MicroTCA Technology Lab
(A Helmholtz Innovation Lab) in April 2018 as a service
unit for research and industry with a focus on: customerspecific developments in MicroTCA (hardware, firmware,
and software), high-end test and measurement services,
electronic design consulting, and system integration.
We report on intermediate results and emerging projects
after one year of operation, with transfer examples from
the industrial automation and medical technology sectors
as well as overlapping developments for the physics research community.

HELMHOLTZ INNOVATION LABS:
TECHNOLOGY TRANSFER FROM
LARGE RESEARCH FACILITIES
Large public research facilities are increasingly called
upon to be active players in the field of technology transfer. In Germany, the Helmholtz Association has devised a
portfolio of instruments to bridge the gap between basic
research and market entry [1]. One of the recent additions
to this portfolio is the Helmholtz Innovation Lab, a novel
funding and support instrument to create “entrepreneurial
enabling spaces” with a focus on disruptive technologies.
DESY joined the first round of these Helmholtz Innovation Labs in 2016 with the MicroTCA Technology Lab, an
organisational unit dedicated entirely to customers from
research and industry that develop or deploy MicroTCAbased solutions.
Officially open since April 2018, the lab now also
serves as a focal point for existing streams of longstanding MicroTCA-related activities at DESY, such as hardware and firmware licensing, training sessions and the
annual MicroTCA Workshop.

THE MICROTCA STANDARD
IN RESEARCH AND INDUSTRY
MicroTCA originated as an open, modular electronics
standard in telecommunications and has been continuously improved to accommodate application scenarios in
research (especially particle accelerators and plasma fu-

sion reactors) and various industries, including transport,
defence & aerospace, medical technology and industrial
automation. It is jointly governed by members of the nonprofit organization PICMG [2].
The impetus for DESY to evaluate, select and eventually contribute to the improvement of the standard came
with the European XFEL, which required highperformance, failsafe electronics in a compact format
along the beamline, as Fig. 1 illustrates.

Figure 1: MicroTCA installations at the European XFEL.
The MicroTCA standard comes with extensive remote
diagnostics and remote management features as well as
hot-swap and redundancy options. Originally developed
to maximize up-time in telecom installations, these features were also embraced by the physics research community, where physical access to beamline installations is
often restricted to a few days per month.
MicroTCA’s open, modular system approach spawned
an eco-system of highly specialized suppliers, system
integrators and developers, so that in principle, vendor
lock-in situations cannot occur – an important argument
for decision makers who are responsible for scientific
installations with an expected lifetime of usually more
than 20 years. The availability of standardized components that have been proven to work in major facilities
around the world [3] allow new user groups to focus their
development capacity on MicroTCA boards that are either
not yet commercially available or so specific that they
warrant a custom design. Buying all other parts “off the
shelf” greatly reduces average project duration, development risk and total lifetime cost of systems. This effect is
further amplified by MTCA.4, the latest version of the
MicroTCA standard that introduced Rear Transfer Modules (RTMs) in addition to the existing Advanced Mezzanine Cards (AMCs) [4], which enable the separation of
the development cycles for analogue (RTM) and digital
(AMC) electronics and save costs compared to monolithic
design approaches that attempt to accommodate both on
the same board.
A wide variety of board formats and crate sizes has
emerged over time, so that MicroTCA today is a highly
scalable platform that allows developers to “start small”
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Abstract
99

In this study, the idea Mo production using hybrid
method based on electron accelerator has been presented.
Two different main production channels, 100Mo(γ,n)99Mo
and 98Mo(n,γ)99Mo, can be used for 99Mo production in this
system. By considering high power Linac (30 MeV-1 mA)
and one-stage approach, the calculation of 100Mo(γ,n)99Mo
reactions in the optimized 100Mo target in two different designs (strip and disc) has been simulated. It is predicted that
about 61 and 53 Ci of 99Mo activity per 24-hour irradiation
on the strip target and the disc plates can be achieved, respectively. The threshold energy of photoneutron at 100Mo
is about 9 MeV, so a large part of bremsstrahlung photons
cannot participate in photoneutron reaction. For feasibility
study, new hybrid approach has been tested by 10 MeV
Rhodotron. Due to the low threshold of photoneutron in
deuteron (about 2.2 MeV) and significant low energy photons in 100Mo, photoneutron flux is available. So, Molybdenum target in heavy water Tank increases the production
yield of 99Mo using neutron absorption reaction in 98Mo.
The total activity of 99Mo has been predicted about 0.23 Ci
per 24 hours e-beam irradiation.

INTRODUCTION
99m

Tc is the most used radiopharmaceutical in diagnostic
nuclear medicine, which is approximately used in 80 percent of nuclear medicine imaging [1, 2]. 99mTc has a short
half-life, t1/2= 6 h. Therefore 99Mo with transformation into
99m
Tc ( decay mode by t1/2= 66 h) is a desirable option. At
present, the total need of 99Mo in Iran is 100 Ci with 6-day
calibration. This demand annually increases by10% [3].
The major supply of 99Mo is produced in research reactors by irradiating uranium targets. Some shortcomings of
reactor-based methods are: (1) shut down of the reactor
(suddenly accidents, predetermined repairing programs or
expired operating life), (2) unavoidable production of undesirable isotopes in products (with the need to costly separation process) and (3) the need to high-enriched uranium
with a more cost and safety challenges to achieve 99Mo
with high activity [3-6]. So, the alternative production
methods as a short, middle or long-term solution are necessary. By the way, different researches follow the 99Mo /
99m
Tc production using non-reactor methods [6-12].
Accelerator-based production is an alternative method.
99
Mo production using high power electron linear accelerator (Linac) by 100Mo(γ,n)99Mo and 98Mo(n,γ)99Mo production channels is available, which due to the safety and economic aspects, it is an appropriate method [13-14].
Two main approaches based on 100Mo(γ,n)99Mo reaction,
one-stage and two-stage approaches, can be followed using
THPMP008
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Linac. In two-stage approach, the e-beam is converted to
high-energy bremsstrahlung photons in the high-density
high-Z target. Then, 99Mo is produced through (γ,n) reactions by photons with energies more than the threshold of
(γ,n) in the 100Mo target (more than 9 MeV) [15].
In the one-stage approach, a target is e-γ converter as
well as the (γ,n) target simultaneously, so self-absorption
of photons in e-γ converter will be prevented and produced
photons participate directly in (γ,n) reactions, and subsequently, the production yield of 99Mo will be increased [4].
For isotope production by Linac and through the neutron
capture reaction of 98Mo(n,γ)99Mo, variety approaches are
available. In this method, the main purpose is producing an
adequate flux of thermal neutrons to participate in neutron
capture reaction at a target containing 98Mo isotope.
Our final goal is presenting a hybrid system involving
both of the mentioned channels simultaneously to increase
the production yield. For this purpose, a high energy electron accelerator is needed. In Iran, an 11 MeV electron
Linac is under construction at IPM [16]. This Linac has a
capability of upgrade to higher energies. Also, other programs to provide or construct new electron accelerators are
going on by Atomic Energy Organization of Iran (AEOI)
and other related scientific centers in Iran.
But for now, a 10 MeV 100 kW Rhodotron is operational
in Yazd radiation processing center [17]. The energy of this
accelerator is not proper for production through the (γ,n)
reaction on the 100Mo. But, by participating high flux
bremsstrahlung photons in (γ,n) reaction in heavy water,
proper neutron flux (photoneutron threshold of deuterium
is about 2.2 MeV) can be produced. If isotope production
using this accelerator and through 98Mo(n,γ)99Mo channel
can be proved, it can be concluded that the idea of 99Mo
hybrid production via the mentioned channels using high
energy and high power electron accelerator is possible.
Beside the nuclear simulations, thermal-mechanical
analysis should be considered. Therefore, a part of this
study is dedicated to the thermal-mechanical analysis, too.
An appropriate mechanical design as well as the ease of
production and installation should be considered for the removal of heat from the target.
99

Mo PRODUCTION THROUGH PHOTONEUTRON REACTION

In this section, two different target designs based on using a high-energy electron accelerator through the photoneutron reaction in 100Mo target (in accordance with onestage approach) will be discussed. Physical aspects of production and how finding the optimal dimensions are as described on [18,19]. According to these studies, an electron
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LATINO: A LABORATORY IN ADVANCED TECHNOLOGIES
FOR INNOVATION
L. Sabbatini†, D. Alesini, A. Gallo, A. Falone, INFN/LNF, Frascati (Roma), Italy
V. Pettinacci, INFN-Roma1, Roma, Italy

Abstract
LATINO (a Laboratory in Advanced Technologies for
INnOvation) is an open Research Infrastructure that will
be hosted at the Frascati National Laboratories (LNF) of
the Italian National Institute for Nuclear Physics (INFN).
LATINO will allow the scientific community and the
SMEs to get access to the technologies and competences
developed for particle accelerators. The Infrastructure will
be organized in four Laboratories: Radio Frequency, Vacuum and Thermal Treatments, Magnetic Measurements,
Mechanical Integration. The list of the available instruments will include, besides others, a high power X-Band
station to test cavities up to 50 Hz repetition rate and
200 MW input power, a network analyser to characterize
microwave devices up to 100 GHz, a ultra high vacuum
oven for thermal treatments and brazing, an outgassing
measurement system to characterize vacuum materials, a
stretched wire bench and a rotating coil for the magnetic
field measurements of multipoles, environment and laser
scanners. The regional and national industrial background
comprises a remarkable number of highly qualified small
and medium enterprises [1-4] that could take advantage of
the technologies offered by LATINO infrastructure to
develop novel products within the Key Enabling Technologies and to get the access to new market segments [5-8].
The Infrastructure will be fully operational at the beginning of 2020. For further information please visit
www.latino.lnf.infn.it.

main stakeholder (Regione Lazio) in order to assess the
financial sustainability as presented in the business plan.
LATINO will be mainly focused to provide added value
services for small and medium industries but will also act
as collaborator for other research infrastructures that are
interested in the technologies developed and offered by
LATINO and by LNF.

RADIO FREQUENCY
The Radio Frequency laboratory will be organized in
two sections: high power RF and low power RF. The high
power section comprises a 12 GHz (X-Band) test station
driven by a solid state pulsed modulator. It provides RF
pulses 1 μs long at peak power of 50 MW or (if used with
a pulse compressor) 100 ns up to 200 MW at 50 Hz repetition rate. The X-Band station will be installed in a dedicated temperature controlled bunker to satisfy radioprotection requirements, and equipped with all the necessary
ancillary utilities. A 3D view of the bunker is reported in
Fig. 1.
The low power section includes a complete set of instruments that allow the characterization of RF devices in
frequency domain up to 100 GHz, and signal measurements in time and frequency domain up to 20 GHz. The
services that will be provided are:
 RF structure high power test and conditioning.
 High frequency RF measurements.
 RF device characterization.

LATINO

The infrastructure is based on 4 different laboratories
already in operation at LNF, which are currently under an
upgrading and refurbishing process in order to enhance
and improve their capabilities. INFN Roma1 – one of the
other divisions located in the Lazio region and one of the
most ancient of the whole institute – will collaborate with
LNF sharing its relevant knowledge about mechanical 3D
design and integration of large facilities. The laboratories
involved are: Radio Frequency, Magnetic Measurements,
Vacuum and Thermal Treatments, Mechanical Integration.
The program, which is co-funded by local government
(Regione Lazio – call “Open Research Infrastructures”
within POR-FESR 2014-2020 European activities), is
structured in two phases. The first phase (2018-2020) is
focused on the upgrading, procurement and refurbishing
of the existing facilities and to set up the commercial and
administrative framework. In the second phase (20202025) the activities will start and will be monitored by the
___________________________________________
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Figure 1: A 3D view of the bunker for the X-band station.

MAGNETIC MEASUREMENTS
The Magnetic Measurements Laboratory will be able to
fully characterize magnets, from field maps to harmonic
analysis.
The field maps will be performed with a Hall probe
mounted on a five-axis movement system located on a
granite bench, with a probe positioning precision of
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IMPLEMENTATION OF RF-KO EXTRACTION AT CNAO
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Pavia, Italy
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Abstract
The National Centre for Oncological Hadrontherapy
(CNAO) is a synchrotron based particle therapy facility.
Both protons and carbon ions can be used for treatments.
The main extraction system is based on 'amplitudemomentum selection' driven by a betatron core, but RFKO (Radio-Frequency Knock Out) is being implemented
as an alternative extraction scheme, being more suitable
for a future implementation of a 'multi energy extraction'
operation of the accelerator. With a double extraction
possibility, CNAO would allow an interesting theoretical
and experimental evaluation of the relative merits of the
two extraction schemes. The RF deflector is already installed and the RF power generation is under commissioning. Extraction simulations and first results of the system
are presented.

INTRODUCTION
The CNAO (National Centre for Oncological Hadrontherapy) in Pavia is one of the six centres worldwide in
which hadrontherapy is administered with both protons
and carbon ions. The main accelerator is a 25 m diameter
synchrotron designed for particle therapy which can accelerate energies up to 400 MeV/u for carbon ions and up
to 250 MeV for protons [1]. To date 2300 patients have
been treated, nearly 1400 with carbon ions (~60%).
For clinical treatments, a beam extracted in a slow controlled process over several seconds is necessary to facilitate measurement and control of the delivered radiation
doses. Many techniques are possible to perform a slow
extraction, as explained for example in the PIMMS [2].
The betatron core-driven 3rd order resonance extraction
method has been chosen as the main method at CNAO
and it is used to extract particles from the synchrotron in a
spill time period between 1 and 10 seconds. The use of a
betatron core offers an intrinsic robustness in minimizing
intensity ripples and with the use of additional smoothing
techniques the time structure of the spill is appropriate to
treatments [3]. RF-KO is now being implemented as an
alternative extraction scheme, being more suitable for
multi energy extraction.

BEAM EXTRACTION AT CNAO
Slow extraction is performed with resonant schemes in
which the machine is operated near to a third-order resonance (Qx~N/3). Before extraction, a sextupolar field
excites the 3rd order resonance, distorting the particle
trajectories in the phase space and creating a triangular
stable region outside which the motion of the particles
becomes unstable. When the beam has to be extracted, the

particles are brought out of the stable region, such that
their betatron oscillation amplitude grows until they reach
the extraction septum and are finally sent to the treatment
room. The CNAO synchrotron tune at extraction is set
near the third integer resonance (~5/3) and the horizontal
chromaticity is quite large (~-4.0) [4]. The synchrotron
optics is characterized by two superperiods for the betatron functions and two closed dispersion bumps. Dispersion is about 8 m in two opposite sides of the machine.
Beam is accelerated with an average momentum spread of
about -3∙10-3; it allows having a stable beam (thanks to
the large chromaticity) even if the machine tune is near a
resonance.
To extract the beam, a betatron core accelerates the particles towards the unstable region. The stacking beam
must have large momentum spread and flattened momentum distribution. To shape the momentum distribution
after the acceleration, the so called RF jump gym is performed: 180° are added to the phase of the RF cavity
voltage in order to distribute the beam along the longitudinal separatrix for some hundreds microseconds. When
the momentum distribution is large and constant enough,
RF cavity is switched off and the beam becomes a coasting beam ready for the extraction. RF cavity is then
switched on during extraction, performing the so called
Empty Sweeping Bucket [3], i.e. an empty bucket outside
the beam that changes its energy at a high frequency:
beam moves in the longitudinal phase space along the RF
cavity lines of force. The Empty Sweeping Bucket allows
reducing the spill ripple and contributes to beam extraction.
Once the prescribed dose, for a specific energy, has
been completely delivered, if there is still beam in the
synchrotron, it is deflected against a dump, and then a
new beam injection is required to treat at the next energy.
CNAO wishes to implement the so called ‘multienergy’ extraction, which allows multiple energies to be
delivered in a single synchrotron spill. The ability to deliver several energy layers per spill will reduce the time
spent to reaccelerate the beam during patient treatment.
The betatron core extraction needs the beam to be debunched after the acceleration. Elsewhere, the acceleration of the non-extracted beam to the new treatment energy requires to turn on again the RF cavity, and thus to
bunch the beam. Unfortunately, the bunching process is
not efficient and makes multi-energy extraction not possible with such an extraction method.

RF-KO IMPLEMENTATION AT CNAO
RF knockout extraction is more suitable for a future
implementation of multi energy extraction operation of
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OPTICS AND COMMISSIONING OF THE CNAO
EXPERIMENTAL BEAM LINE
S.Savazzi, E.Bressi, L. Falbo, V. Lante, C. Priano, M.G. Pullia, CNAO Foundation, Pavia, Italy
P. Meliga, Pavia University, Pavia, Italy

Abstract
CNAO (National Centre for Oncological Hadrontherapy) in Pavia is one of the six centres worldwide in which
hadrontherapy is administered with both protons and carbon ions. The main accelerator is a 25 m diameter synchrotron designed to accelerate carbon ions up to an energy of
400 MeV/u and protons up to an energy of 250 MeV. It was
designed with three treatment rooms and an 'experimental
room' where research can be carried out. The room itself
was built since the beginning, but the beam line was
planned to be installed in a second moment in order to give
priority to treatments. The beam line of the experimental
room (XPR) is designed to be "general purpose", for research activities in different fields. In October 2018 the installation phase of the line was started and it ended in January 2019. In this paper a short description of the optics
layout and commissioning strategy is given.

INTRODUCTION

The National Centre for Oncological Hadrontherapy
(CNAO) in Pavia is one of the six centres worldwide in
which hadrontherapy is administered with both protons and
carbon ions [1]. CNAO was conceived since the beginning
with three treatment rooms and an “experimental room”,
where research can be carried on without hindering the
clinical activity. Such an experimental room is designed to
be “general purpose”, to be used for research in different
fields. Possible activities could be, as an example, irradiation of cells, test of beam monitors and development of inbeam monitoring devices or radiation hardness studies [2].
The experimental room already exists, but it is not fully
equipped. The present layout of CNAO beam lines is
shown in Fig. 1 together with the modified regions.
Additional ion species are foreseen: light ions with
Z ≤ 8, starting with He, Li and O, will be available in the
XPR. These species will be possibly produced by a dedicated third source. Larger ranges, for the species with
lower atomic numbers, might be useful for some future
R&D, like proton or helium radiography, and shall be considered in a second phase.
In addition, a specific automatic procedure that directs
the beam to the experimental room during treatment pauses
(i.e. when the accelerator is waiting to be used, like patient
positioning procedures or interval in patient schedule) has
been designed.

THPMP011
3472

Figure 1: Layout of CNAO. Coloured the new implemented experimental line.
This automatic procedure cannot clearly be used in all
the cases, because of the non-predictable duration of the
irradiation, but, for the experiments in which the duration
is not important and in which the measurement can be
“paused” for an indefinite time, it can be a very convenient
possibility.

MULTIPLE ISOCENTER
The beam distribution in the experimental room will be
performed with the same active scanning system in use in
the treatment rooms.
In order to make the best use of the available space, the
part of beamline inside the XPR can be assembled in four
configurations. In the first case, the beamline fully reproduces the clinical layout, with the irradiation point as
downstream as possible, in order to get the maximum irradiation field (200 x 200 mm2). The distance between the
irradiation point and the rear wall is of 40 cm only (Fig. 2,
panel A).
In the opposite case (Fig. 2, panel B), the irradiation
point is just at the beam entrance into the room, leaving the
maximum space downstream for TOF measurements; this
configuration requires to remove the whole beam line starting with the scanning magnets. An intermediate irradiation
position has been chosen as default, leaving almost 2 m
free space downstream the irradiation point and still allowing an irradiation field of 135 × 135 mm2 which satisfies
most of the requests (Fig. 2, panel D). A fourth configuration, allowing beam monitoring in the most upstream position, completes the possibilities (Fig. 2, panel C).
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NEW INDUSTRIAL APPLICATION BEAMLINE FOR THE cERL IN KEK
Yu Morikawa†, Kaiichi Haga, Masayuki Hagiwara, Kentaro Harada, Nao Higashi,
Tohru Honda, Yosuke Honda, Mitsugu Hosumi, Yukihide Kamiya, Ryukou Kato,
Hiroshi Kawata, Yukinori Kobayashi, Hiroshi Matsumura, Chikaori Mitsuda,
Taichi Miura, Tsukasa Miyajima, Shinya Nagahashi, Norio Nakamura,
Kazuyuki Nigorikawa, Takashi Nogami, Takashi Obina, Hidenori Sagehashi,
Hiroshi Sakai, Miho Shimada, Mikito Tadano, Ryota Takai, Hiroyuki Takaki,
Olga Tanaka, Yasunori Tanimoto, Akihiro Toyoda, Takashi Uchiyama,
Akira Ueda, Kensei Umemori, Masahiro Yamamoto,
High Energy Accelerator Research Organization, Tsukuba, Japan
Abstract
A new beam line of the electron beam irradiation for
industrial applications is constructed at the cERL (compact
Energy Recovery Linac) in KEK. In these applications,
only north straight sections of cERL consisting of the
injector and main LINAC is used to prepare the electron
beam. The test for the radio isotope production and electron
beam irradiation for the materials are firstly planned with
very small beam current without energy recovery. The
construction was finished in March 2019. We passed the
facility inspection of the Nuclear Regulation Authority in
April. Preliminary experiments with vacant targets are
under way and the first irradiation experiments will be
planned in June. In this paper, we show the design and
commissioning results of this new beam line.

INTRODUCTION
The cERL is the superconducting linac based accelerator
with the recirculation loop for the energy recovery [1].
Recently, the industrial application of the superconducting
linear accelerator seems to be promising. The new
beamline is constructed in cERL to make advantage of the
high averaged CW current from the superconducting
LINAC for the electron beam irradiation. There are two
main subjects of the new beamline; the generation test of
the Mo-99 radioisotope from Mo-100 for the medical use
and the reforming test of the used asphalt.
The radio isotope of Mo-99 of the half-life of 66 hours
decays to the Tc-99m of the half-life of 6 hours. Tc-99m is
widely used for the medical imaging. In Japan, Mo-99 was
partially generated with atomic reactors but is fully
imported now. Almost all Japanese reactors for the isotope
generation are very old and the domestic production with
reactors seems to be very difficult in future. With the high
averaged current beam from the superconducting
accelerator, we can generate all amount of required Mo-99
in Japan with single accelerator. The normal conducting
accelerators are already used for the Mo-99 generation [2,
3] in Japan and in the world [4-7]. Our final target is the
commercial facility design for Mo99 production to satisfy
all Japanese demand with superconducting LINAC. For
design of the commercial facility, the test experiments are
planned in cERL.
___________________________________________

†yu.morokawa@kek.jp

The beamline construction is fully funded by a private
company, Accelerator Incorporated [8]. The company
requested to make irradiation beamline multi-purpose and
the project for the asphalt reforming becomes one of the
main subjects of the beamline. The electron beam
irradiation may recover the degenerated used asphalt [9]
but the mechanism and details are not shown. Thus, the
effect of the electron beam irradiation to the asphalt will be
examined not only by the traditional method to measure the
penetration and softening point but also by using multi
quantum beam like the X-ray from the PF and the neutron
from the J-PARC. To make the sample of the irradiated
asphalt, we use the new beamline at cERL.

NEW BEAMLINE
The new beamline was constructed in the north part of
cERL shown in Figure 1 and 2. For the production of
Mo99, the beam energy is 17.5 MeV that is the highest
available energy of present cERL and enough over the
giant resonance energy of Mo-100(Jn)Mo-99 reaction of
about 14 MeV. On the other hand, to penetrate the depth of
asphalt to about 2 cm, the beam energy is 10 MeV for the
asphalt irradiation. The maximum averaged beam current
is 10 PA for both irradiations.
When we deal the radioisotopes in open-air, it requires
the severely protected facility. There are already two such
kind of facilities in KEK. Thus, the generated isotopes are
strictly kept in a sealed capsule and we only open the
capsule at the Radioisotope Laboratory in KEK that is
already existing with protection for open-air RI dealing.
We fix the maximum amount of the generated Mo99 to
enough small value not to radioactivate the air and water
of the accelerator facility. By suppressing the maximum
activation of the air to 10% of the regulation threshold, the
large scale reforsatisfy the regulation. To enhance the
enclosure of the generated isotopes, the concrete shielding
(wall and floor) of the target rooms are painted with the
epoxy coatings that prevent the penetration of the liquid to
the concrete material and HEPA (High Efficiency
Particulate Air) filters are add to the air exchange system
of the accelerator shielding.
On the other hand, the 10 MeV beam for the asphalt do
not contribute to the redioactivation of the target and the
normal protection for the accelerator and beam dump are
enough.
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CHALLENGES TOWARDS INDUSTRIALIZATION OF THE ERL-FEL
LIGHT SOURCE FOR EUV LITHOGRAPHY
N. Nakamura†1, H. Kawata1, E. Kako1, R. Kato1, K. Umemori1, H. Sakai1, T. Miyajima1
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
1
also at The Graduate University for Advanced Studies (SOKENDAI), Tsukuba, Japan

Abstract
Energy-recovery linac based free-electron lasers (ERLFELs) are possible candidates of a high-power EUV light
source for lithography. In Japan, an ERL-FEL light source
has been designed to demonstrate generation of high EUV
power for lithography and the EUV-FEL Light Source
Study Group for Industrialization has been established
since 2015. For industrialization, high availability is essential as well as high power and reduction of the light source
size is also required. In this paper, we will show overview
of the ERL-FEL light source and describe considerations
and developments for obtaining high availability and size
reduction of the light source.

OVERVIEW OF THE ERL-FEL LIGHT
SOURCE FOR EUV LITHOGRAPHY

EUV Lithography is going to high volume manufacturing (HVM) stage with 250-W-class laser-produced plasma
sources [1] and 1-kW-class EUV light sources will be required in future to realize the production for less than 3-nm
node [2]. ERL-FELs are possible candidates of a highpower EUV light source and can distribute 1 kW power to
multiple scanners simultaneously.
An ERL-FEL light source has been designed in Japan to
demonstrate generation of EUV power more than 10 kW
[3-7]. Figure 1 shows design and specification of the designed ERL-FEL light source for EUV lithography. In addition, the EUV-FEL Light Source Study Group for Industrialization has been established since 2015 to realize industrialization of the light source and the related items. As
shown in Fig. 2, this group consists of 12 companies, 3 national laboratories and 5 universities.

Figure 1: Design and specification of the ERL-FEL light
source for EUV lithography.
___________________________________________
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Figure 2: EUV-FEL Light Source Study Group for Industrialization.

AVAILABILITY
Required availability for the light source is more than 98
%, which means that the total non-operating time must be
kept within a week for a year. We have to consider the followings to ensure high availability.

Photocathode Preparation System
A multialkali photocathode has a relatively long lifetime
of the quantum efficiency and is expected to be used for
the gun of the ERL-FEL light source. However, the lifetime
is still short and about two weeks for 10-mA operation.
Therefore, a lot of photocathodes should be prepared and
exchanged for a year. Figure 3 shows the photocathode
preparation system developed at KEK [8]. All the processes including cleaning, activation, storage and exchange
should be remote-controlled for industrialization to reduce
the exchange time. The remote-controlled photocathode
preparation system is achievable without much difficulty.

Figure 3: Photocathode preparation system for the DC
gun developed at KEK.
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2D TRACKING CODE FOR DRIFT TUBE LINAC
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Solutions Corporation, Yokohama, Japan
N. Hayashizaki, Tokyo Institute of Technology, Tokyo, Japan
S. Yamada, Y. Iwata, National Institutes for Quantum and Radiological Science and Technology,
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Abstract
A 2D tracking code has been developed for AlternatingPhase-Focusing drift tube linacs (APF-DTL). This code
can design DTLs with a 2D electric field simulation and
particle tracking by approximate equations. In this paper,
we describe an outline of the 2D tracking code and a
comparison of 2D tracking results and 3D simulation.

INTRODUCTION

Ion linacs are being applied to Boron Neutron Capture
Therapy (BNCT), International Fusion Materials
Irradiation Facility (IFMIF), carbon cancer therapy facility
[1-2] and so on. In general, ion linac systems consist ion
source and radio frequency quadrupole (RFQ) and DTL.
Basically, DTL doesn’t have transverse RF focusing power.
In order to apply the transverse focusing power, there are
several approaches. For example, the DTL shall consists of
quadrupole magnets into the drift tubes [3], quadrupole
magnets into the DTL vacuum chamber [4-5], APF-DTL
[1-3] and so on.
To design the APF-DTLs, there is no commercial design
code. So, we usually design APF-DTLs using 3D
simulations. First, we determine cell parameters by a
synchronous phase pattern. Next, we calculate the 3D
electric field according to a structure obtained by the cell
parameters. Figures of ridges, tubes and a tank are
optimized to uniform the electric field of a beam axis by
parameter search. Third, we confirm a particle behaviour
in the 3D electric field by a 3D particle tracking code. If a
particle transmission is low, we need to change
synchronous phase pattern. So it is necessary to reoptimize the 3D electric field. It takes long time to design
the APF-DTL.
Therefore, we developed a 2D tracking code for DTLs
applying 2D electric field simulation and approximate
equation for the particle tracking. In order to verify the
accuracy of 2D tracking code, we compare with 2D
tracking results to 3D results.

2D TRACKING CODE

Figure 1 shows the flow chart of the 2D tracking code.
The code consists of 4 steps. A feature of this code is 2nd
step b). For accuracy of tracking, a T/S factor [6-8] is
calculated by 2D electric field of each cell. Maximum
surface fields of the tubes are evaluated, too.

THPMP014
3482

Figure 1:Flow chart of 2D tracking code.
a)

Cell parameter calculation (1)
The cell parameters are calculated using input
parameters which are synchronous phases, an
injection energy, a bore radius, the electric field of
each cell and a ratio of a gap length to a cell length.
The synchronous phase of each cell could be input
as a fixed value or variable values or a function. An
energy gain of the cell and the cell length are
converged to match the synchronous phases by
iteration. The electric fields are input as the average
electric field of the cell. For example, the electric
field distribution from 2D or 3D simulation was
averaged in each cell. Fixed value is available too.
In the 1st step a), a transit time factor T is
approximately calculated by Eq. (1).

T

,

(1)

where k = 2/kr = k ∗ 1 𝛽 , g is a gap
length, a is a bore radius.  is a velocity and  is a
wave length at the middle of the gap. 𝐼 is the
modified Bessel function of 0-th order. The velocity
and the cell length were converged by iteration.
b) 2D electric fields calculation
The 2D electric field of each cell is calculated by
Poisson code. It is normalized to agree with the
input average electric field at the step a). The T/S
factor is calculated using the 2D electric fields. The
T/S factor of a first part, which is from a cell
entrance to the middle of the gap, are described in
Eq. (2) and (3).
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DESIGN OF THE CONDENSER SYSTEM AND IMAGING SYSTEM FOR A
UEM*
T.J. Chen, Y.J. Pei#, W.M. Li
NSRL, University of Science and Technology of China, Hefei, CHINA

The ultrafast electron microscope provides a useful tool
for exploring fine structure and observing dynamic process
at nanometre and picosecond scale, which has been
extensively applied in chemistry and biological field. After
emitting from the electron gun, electron beams are focused
on the stage sample by the condenser system and then be
projected by the imaging system on the screen. In the
present study, a two-lens condenser system is simulated by
Parmela and a three-lens imaging system is designed using
thin-lens approximation. Besides, the shape factor of
metallic spheres which have different radius for
perturbation method is measured, which is conductive to
measuring the Z/Q parameter and the electric field along
the axis of the C-band 3 MeV photocathode gun for the
UEM.

The intermediate lens is a weak lens relatively to provide
changeable magnification factor and the projector lens is a
strong lens with few mm focal length to minimize the
aberration. [3,4]
In the current work, the two magnetic lenses of the
condenser system are designed and the electron dynamic
processes are simulated. Using the thin-lens
approximation, the magnetic field of the three lenses in the
imaging system is calculated. Some parameters including
focal length and magnification factor are calculated and the
properties of the magnetic lenses are discussed. Besides,
we fabricated a C-band standard aluminium pillbox to
measure the shape factor for metallic spheres of different
radius, which would be used in the experiment for
measuring the electric field along z-axis and the value of
Z/Q parameter inside the C-band electron gun designed for
this UEM.

INTRODUCTION

CONDENSER SYSTEM DESIGN

The electron microscope is a useful tool for observing
and studying materials and cells in very small scale with
wide application in many laboratories. The ultrafast
electron microscope (UEM), which differs from a
traditional electron microscope, employs ultrafast electron
beams with higher energy from hundreds of keV to several
MeV level as a probe to discover molecule structure.
Besides, the ultrafast electron beams with short pulse of
picosecond level, could also be used to observe the
dynamic process of live biological material and chemical
phase changing with high temporal resolution. [1,2]
A UEM consists of several parts, including an electron
photocathode gun, a condenser system, a sample stage, an
imaging system and other assistant systems. The
condenser-lens system is designed to focus electron beams
on the sample stage into a small spot, to ensure that
sufficient electrons could be able to pass through the
sample and finally be projected to a magnified picture with
enough brightness on the screen. It usually consists of two
lenses including C1 and C2. The C1 lens is a strong lens
with small focal length, which could offer strong force on
electron beams to decrease its radius. The C2 lens is a weak
lens compared with the C1 lens, of which magnification
factor is around 1.
The imaging-lens system produces magnetic field to
affect electron beams and project the beams on the screen
to include an objective lens, an intermediate lens and a
projector lens. The objective lens is a strong magnetic lens
which is also the most important lens in the system. It needs
to be designed cautiously for decreasing the aberration.

The design of the two-lens condenser system shown in
Figure 1 is divided into two parts. First, the magnetic field
of C1 lens and C2 lens is designed and the dynamic process
has been simulated. Besides, the effect of the condenser
aperture is discussed, which could control the radius on the
sample stage with the changeable current in the C2 lens.
Then, the full dynamic process of the electron beams from
emitting from the electron gun to arriving at the sample
stage has been simulated in Parmela. The electron beams
are accelerated to 3 MeV by the C-band photocathode gun
and then are focused by the condenser system during the
dynamic process. The parameters of electron beams at the
sample stage has been listed after simulation.

Abstract

___________________________________________
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Figure 1: The condenser system for the UEM.

Design of the C1 and C2 Lenses
The C1 lens is a strong magnetic lens with focal length
of several millimetres of which magnetic field strength
could be quite high, while the C2 lens is a weak magnetic
lens with focal length of several centimetres compared to
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DESIGN AND DEVELOPMENT OF THE BEAMLINE SYSTEM
FOR A PROTON THERAPY FACILITY ∗
B. Qin† , W.J. Han, X. Liu, Z.F. Zhao, Q.S. Chen, Z.K. Liang, K.F. Liu, D. Li, J. Yang, M.W. Fan
Institute of Applied Electromagnetic Engineering,
Huazhong University of Science and Technology (HUST), Wuhan 430074, China

Abstract
A proton therapy facility with multiple treatment rooms
based on superconducting cyclotron scheme is under development in HUST (Huazhong University of Science and
Technology). Design features and overview of development
progress for the beamline system will be presented in this
paper, which mainly focuses on prototype beamline magnets, a kicker magnet for fast beam switch, and the gantry
beamline using image optics.

INTRODUCTION

In last three decades, proton therapy (PT) has become an
effective radio-therapy method for cancer treatment. Compared to X-ray or photon therapy, proton beam has a controllable depth-dose distribution with so called ’Bragg Peak’
characteristic.
In HUST, a multiple treatment rooms proton therapy facility is under development [1], as shown in Fig. 1.

Figure 1: Overview of HUST-PTF.

The beamline system consists of an ESS (enegy selection
system) section, one horizontal fixed beamline and two 360
degree gantry beamlines connected by switch and period
sections. Beamline optics has been designed with Transport
[1, 2], and validated with COSY INFINITY [3]. Figure 2
shows the beam envelope fitted with Transport. Technical
design for beamline magnets and energy degrader has been
accomplished, manufacture and test are undergoing [4, 5].

PROTOTYPE MAGNETS AND
FIELD MEASUREMENT

Three prototype magnets in the main beamline have been
designed, manufactured and tested. Figure 3 shows these
∗
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Table 1: Parameters of Prototype Magnets
Magnet

Specification

L270
Quadrupole

Aperture: 80 mm
Max. gradient: 18.0 T/m
Effective length: 270 mm
Integral field harmonics: ≤ 5 units
Central magnetic field: 0.82-1.62 T
Entrance / exit edge angle:15∘
Integral field homogeneity: ≤ ±0.1%
±180 degree, normal conducting
Entrance / exit edge angle:30∘
Integral field homogeneity: ≤ ±0.1%

30∘ Dipole
60∘ Dipole

magnets (one quadrupole and two dipoles), and specifications are listed in Table 1.
Two dipole magnets were measured by Hall probe, and
the integral magnetic fields were measured by a long search
coil measurement system. For operation field range 0.82 1.62 T corresponding to the proton energy 70 - 250 MeV, the
integral field homogeneity in the good field region ±40 mm
is within ±0.08%. Figure 4 shows the measured results of the
30∘ dipole. A rotation coil multipoles measurement system
was applied to measure the L270 quadrupole, and Fig. 5
shows the measured results corresponding to three working
currents. All magnet specifications have been fulfilled.

KICKER FOR FAST BEAM SWITCH
A kicker magnet will be installed at the downstream of the
cyclotron, and before the energy degrader, for the purpose
of fast beam switch during spot scanning. The main specifications are 100 µs for rise and fall time with a maximum
repetition rate 500 Hz, and the integral field is 0.025 T.m
(1100 Gs for central field) which corresponds to the deflecting angle 10.4 mrad for 250 MeV proton beam.
A comparative study for the kicker core using soft ferrite
and laminated steel materials was performed, with OPERA3D TOSCA and ELEKTRA/TR solvers [6] . Both materials
can meet the specification of static field. But for dynamic
response in terms of hysteresis effect, laminated steel core
shows non-neglectable lagging due to eddy currents, as illustrated in Fig. 6. Based on this, MnZn ferrite with saturation
field 5350 Gs was chosen as the kicker core.
Figure 7 (a) shows the assemble view of the kicker with
window frame. Figure 7 (b) shows the core assemble using
6 MnZn ferrite blocks. To avoid eddy currents, a ceramic
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SINGLE-SHOT CASCADED HIGH ENERGY ELECTRON
RADIOGRAPHY BASED ON STRONG PERMANENT MAGNET
QUADRUPOLE COMPOSED IMAGING LENS∗
Z. Zhou, Y. C. Du† , W. H. Huang, Dept. of Engineering Physics, Tsinghua Univ., Beijing, China
Abstract
High energy electron radiography, an extension of conventional transmission electron microscopy, is suitable for
imaging of thicker objects and expected to be a promising
tool for diagnostics of high energy density physics (HEDP).
A cascaded high energy electron radiography system using
two-stage imaging lenses based on strong permanent magnet
quadrupoles is designed, optimized and finally installed at
Tsinghua university. Encouraging result of 1.6-µm space
resolution is obtained in our primary experiments, along
with the clear imaging of a spherical capsule as a substitute
of the targets used in inertial confinement fusion. Successful
implement of cascade high energy electron imaging system is necessary for reaching better resolving power of the
imaging system, and well matching of design, simulation
with experimental results paves the way to high energy electron microscopy to provide full capacities for diagnostics of
HEDP with sub-µm and picosecond spatiotemporal resolutions.

INTRODUCTION
As an alternative of high energy proton radiography [1–3],
a mature tool for the study of dynamic material properties
under extreme pressure and temperature conditions, high energy electron radiography (HEER) is expected be a suitable
diagnostic tool for high energy density matters with high
spatiotemporal resolutions, and at a much lower cost [4, 5].
The working principle of HEER is similar to charged particle radiography [6]: high electrons are scattered while
traversing the sample, then focused by imaging lens made
of several quadrupoles and finally projected onto a screen to
form a point-to-point image of the sample. Since proposed,
HEER has drawn considerable interest and intensive efforts
have been devoted to development of this technique [7–11].
At present, the spatial resolution of HEER is limited to a
few microns, which is insufficient for diagnostic of ultrafast
laser-induced processes at a time scale from femtosecond to
picosecond. To push the limit of HEER to sub-µm level, a
novel imaging optics is required.
On this occasion, we propose a cascaded high energy
electron radiography (CHEER) system based on two stages
imaging lenses, which are composed of high-gradient permanent magnet quadrupoles (PMQs). This scheme is similar
to a transmission electron microscopy (TEM), where the
image of first-stage will be further magnified by a second
stage imaging lens, and the final magnification factor is the
∗
†
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product of that of each stage lens. Design, simulation and
successful demonstration of this CHEER system will be
present in following sections.

ELECTRON OPTICS DESIGN
Unlike the electromagnetic solenoids commonly used in
keV and MeV TEM, quadrupoles have to be used to focus the high energy electrons. Among different kinds of
quadrupoles, PMQ is a strong, compact and cheap type,
making it a popular choice in high energy particle transport
and focusing [12]. Use of such a PMQ can not only make
the whole imaging section compact by shortening the focal length 𝑓, but also help to suppress high order chromatic
aberrations spherical aberrations, since the chromatic and
spherical aberration coefficients is on the same order of focal
length [13]. However, using of PMQs is much more complicated than solenoids, since they will focus electrons in
x/y direction while defocus them in y/x direction. Therefore,
three or more PMQs are required to make up a imaging lens,
with equal magnification factor, same focal plane or even
same chromatic and spherical aberration in both transverse
planes. Possible configurations of such an imaging lens include triplet, quadruplet, quintuplets [14], sextuplets, etc.
Among them, triplet and quadruplet are commonly used due
to their simple form and convenience in practice.

Figure 1: Electron trajectory tracking in CHEER using
COSY INFINITY [15].
In our design, the CHEER system is realized by the combination of a Russian quadruplet and a triplet, acting as the
first-stage and second-stage imaging lens. Each stage len is
optimized to meet the requirement of point-to-point imaging,
which can be conveniently expressed in matrix formulism as
𝑅12 = 𝑅34 = 0. The transfer matrix of the CHEER system
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X-RAY DOSE RATE OF 6/4 MeV EUROPEAN S-BAND LINAC
STRUCTURE FOR INDUSTRIAL APPLICATION AT RTX
P. Buaphad1,2,3∗ , Y. Kim2,3 , J. Lee2 , K. Song1 , H. Park1 , Y. Joo2,3 , S. Lee2 , H. Lee2,3 , I. Jeong2,3
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Abstract
Recently, Radiation Technology eXcellence (RTX) has
been developing a 6/4 MeV European S-band (= 2998 MHz)
industrial linear accelerator (linac) by using a magnetron
with a low RF power of about 3 MW for Container Inspection System (CIS). Its accelerating structure is designed to
operate in 𝜋/2 mode by coupling 8 accelerating cells together through 7 side-coupling cells. In CIS, high dose rate
X-ray from MeV-energy electron beam has been used to detect the possible presence of contrabands in cargoes or truck
containers. The X-ray dose rate output can be simulated
by using FLUKA Monte Carlo simulation. The aim of this
work is to study the effects of thickness of X-ray target on
dose rate as well as X-ray dose map at 1.0 m away from the
X-ray target. This study gives the thickness of the target in
which the dose rate can be highest with the lowest electron
beam current.

INTRODUCTION

With rapidly increasing terrorist threats around the world,
many Container Inspection Systems (CISs) have been installed at airports and seaports. CISs require a high dose of
high energy X-rays to deeply penetrate a loaded container
for clear information about the contents of cargo [1]. After consideration on a recent development in reliable and
compact linear accelerators (linacs), Radiation Technology
eXcellence (RTX) has been developing a dual energy linac
as MeV energy X-ray generator for CIS [2]. This linac can
accelerate electrons to two different energies (4 MeV and
6 MeV). Then the accelerated electrons hit an X-ray target, and the electron energy is converted into 4 MeV and
6 MeV energy X-ray beams through Bremsstrahlung radiation. X-rays of two different energies interact with material
differently, and it depends on the atomic number of material.
With those physical property, we can distinguish the materials inside the container. To improve material discrimination
and image quality of CIS, electron linacs have to reliably
generate MeV energy X-rays with a stable and high dose rate
for both energies.
Bremsstrahlung radiation is based on the Coulomb force
interaction between electron beam and nucleus of the target.
It is indicated that the intensity of Bremsstrahlung X-ray
is related to the beam current, the target atomic number,
and the target thickness. The beam current is limited by
the electron gun output and RF power source of the linac.
∗
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Moreover, the space charge force plays a big role in the high
current during an operation with a low energy. Only the
thickness and material of the target can be changeable to
obtain the high intensity X-ray. Generally, tungsten is widely
used for linac X-ray target because it is a high atomic number
and a high melting point material, and tungsten target with
different thickness has different X-ray conversion efficiency
for certain incident electron energy [3]. By optimizing the
target thickness, we can obtain a high dose rate from a low
beam current.
In this study, two electron beam energies of 6/4 MeV European S-band linac developed by RTX are used to estimate
X-ray dose rate output. To optimize the target thickness with
the highest conversion efficiency for a different beam energy,
a scanning thickness simulation in FLUKA Monte Carlo
code is performed.

INCIDENT ELECTRON BEAM
The dual energy European S-band (= 2998 MHz) electron
linac for CIS was developed by RTX in 2018. This linac
uses a magnetron with the maximum RF power of 3 MW
as an RF source. It is operated at the maximum repetition
rate of 250 Hz for a pulse width of 4 µs. The electron beams
from a DC gun are accelerated up to the energy of 4 MeV
and 6 MeV in the standing wave side-coupled linac structure.
Then the beams hit the tungsten target to generate the X-ray
Bremsstrahlung with a dose rate of 5 Gy/min for 4 MeV beam
and a dose rate of 9 Gy/min for 6 MeV beam at 1 m away
from the target. The average kinetic energies of low energy
(LE) and high energy (HE) modes are 4.18 Me and 6.14 MeV
at the target with the rms energy spread of 0.91 MeV and
1.39 MeV, respectively. The output beam has a Gaussian
distribution in a transverse profile with the full width half
maximum (FWHM) of 0.785 mm. Some of those beam
parameters are summarized in Table 1.

SIMULATION MODEL
FLUKA is a multipurpose Monte Carlo code to simulate
the interaction and transport of 60 different particles in the
matter [4]. Although FLUKA is a FORTRAN based simulation code, there is a user friendly graphical interface, called
FLAIR to write input files, to run the code and to visualize
output files in FLUKA [5]. The simple head geometry of
6/4 MeV European S-band linac is modelled in FLUKA.
Figure 1 shows main components of linac head including a
tungsten target, a collimator, and a detector. The tungsten
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MODERN HEAVY ION BASED TEST FACILITIES FOR SPACECRAFTS
ELECTRONICS QUALIFICATION
V.S. Anashin†, P.A. Chubunov, Branch of JSC United Rocket and Space Corporation, Institute of
Space Device Engineering, Moscow, Russia
I.V. Kalagin, S.V. Mitrofanov, V.A. Skuratov, Joint Institute for Nuclear Research, Dubna, Russia
Abstract
For ionizing radiation hardness assurance of space system electronics heavy-ion SEE tests shall be performed.
This type of radiation is the most critical for modern digital VLSICs and power devices, and the susceptibility to
heavy ions limits the space systems active lifetime in
general. To perform the tests, the test facilities created by
ISDE and JINR collaboration on the base of U-400 and
U-400M accelerators are used. The facilities are equipped
with the advanced hardware and measuring instrumentation. Currently our test facilities provide tests of all electronic component functional classes on hardness to all
types of SEE.

Figure 2: IS OE PP Test Facility.

GENERAL DESCRIPTION OF TEST FACILITIES
The test facilities has a number of advantages and allow
us to irradiate items with a wide range of ions (from C to
Bi) with initial energy from 3 to 60 (for light ions)
MeV/A, and provide LETs from 1 to 100 MeV×cm²/mg
and ranges in Si from 30 to 2000 µm, flux densities from
10 to 10E+5 particle/(cm² × s) and irradiation area up to
200×200mm with nonuniformity less than 10 % [1].
Thanks to the beam monitoring system allowing for multi-stage beam control and monitoring, we obtain information on the heavy ion fluence with excellent accuracy.
A schematic block diagram of the SEE Test Facility is
presented in Fig. 1.
Figures 2, 3 and 4 show the appearance of test benches.
Figure 2 is a photograph of the IS OE PP low-energy test
facility; Figure 3 shows the IS OE VE-M for high-energy
tests; and the low-energy IS OU 400-N test facility is
illustrated in Fig. 4.

Figure 3: IS OE VE-M Test Facility.

Figure 4: IS OU 400-N Test Facility.

Figure 1: Block diagram of the SEE Test Facility.
_________________________________________
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MOBILE ACCELERATOR BASED ON IRONLESS PULSED BETATRON
FOR DYNAMIC OBJECTS RADIOGRAPHING
V. A. Fomichev*, A. A. Chinin, S. G. Kozlov, Yu. P. Kuropatkin, V. I. Nizhegorodtsev,
I. N. Romanov, K. V. Savchenko, V. D. Selemir, O. A. Shamro, E. V. Urlin,
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Abstract
The paper concerns a mobile accelerator based on the
ironless pulsed betatron. The accelerator has a possibility
to obtain up to three frames in a single pulse and is aimed
to radiograph dynamic objects with a large optical thickness. The block diagram of the accelerator, the temporal
diagram of its separate systems operation and oscillograms
of the betatron output parameters are provided. The testing
powering in a single-frame mode was carried out in 2018.
The capacitance of the storage of the betatron electromagnet pulsed power system that defines the electron beam energy was equal to 1800 μF. The following test results have
been obtained. The thickness of the lead test object examined with X-rays reached 140 mm at 4 m from the tantalum
target of the betatron. The full width of the output gamma
pulse at half maximum in a single-frame mode was equal
to 120 ns; the dimension of the radiation source was
3×6 mm2; the dimension of the tantalum target was
6×6 mm2. The application of these accelerators within the
radiographic complex enables the optimization of the hydrodynamic experiments geometry resulting in the increase
of the test efficiency.

INTRODUCTION

A broad spectrum of the experimental tasks concerning
the dynamic processes investigation in the optically dense
matter requires the development of powerful sources of
pulsed radiation with the optimal spectral composition.
Depending on the method of the particles acceleration
the sources of radiation for dynamic objects radiography
can be divided into linear [1] and cyclic ones [2]. Both
methods of acceleration have their own advantages and
disadvantages, and the appropriateness of their application
is defined according to the certain task.
The ironless pulsed compact betatrons of the BIM type
[3] have been used in FSUE “RFNC-VNIIEF” and FSUE
“RFNC-VNIITF” for a long time in radiographic complexes to conduct hydrodynamic investigations.
To reduce expenses and optimize the process of hydrodynamic experimentation, FSUE “RFNC-VNIIEF” began
to apply the concept of using mobile radiographic complexes (MRC) [4]. MRC consists of mobile cyclic accelerators (MCA) [5], an explosion-proof chamber (EPC) with
a test object, X-ray collimation and shadow image recording systems. One EPC can be maintained by several
MCAs. Figure 1 presents one of the options of the hydrodynamic experiment that allows obtaining up to three
frames at one test.
___________________________________________

Figure 1: Photo of a single-beam three-frame mobile radiographic complex: 1 – accelerator unit; 2 – pulsed power
unit of the betatron electromagnet; 3 – EPC; 4 – X-ray collimation system; 5 – shadow image recording system.

DESCRIPTION OF THE MOBILE
ACCELERATOR
MCA based on the betatron of the BIM type consists of
two units: an accelerator unit (AU) and a pulsed power unit
of the betatron electromagnet (PPUBE). The units are located in the vans.
There are accelerator elements of the radiographic facility in the van of the accelerator unit. In the other van there
is a pulsed power system of the betatron electromagnet and
technological equipment. The connection between the
units and the external automated control system is performed with the use of the cable and fiber-optic lines.
The block diagram of the MCA BIM is shown in Figure 2. The MCA BIM consists of a betatron, injector, highvoltage supply system, low-voltage and high-voltage synchronization system, automated control system, data gathering and processing system of the radiation source output
parameters, electron beam dumping system (“low” and
“fast” dumping), technological and life support systems.
The electron acceleration in the betatron is realized by
the vortex electric field that appears because of the capacitive storage discharge through the electromagnet coils.
Hereby, the magnetic field changes by the sine law:
B(t) = B0sin(Ωt), where Ω = 1/(LC)1/2 is a circuit cyclic frequency (L and C are circuit inductance and its capacity);
and B0 = KImax is a field in the equilibrium orbit at the peak
current of the electromagnet Imax (here, К is a conversion
coefficient). The correct selection of the electromagnet
coils geometry makes the magnetic field inductance
change synchronically with the acceleration. It allows
holding an electron beam in the equilibrium orbit. The
high-voltage electromagnet power unit is switched on
firstly, forming the signal “0 field”.
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PULSED BETATRONS FOR SMALL-ANGLE TOMOGRAPHY
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Abstract
The active research complexes intended for the radiography of dynamic objects with a high optical density are
reviewed. The concept of a multi-beam radiographic complex for a small-angle tomography based on ironless pulsed
betatrons is proposed. It is possible to use up to 18 compact
facilities in a complex; they are located in three horizontal
planes. The test object is placed in the explosion-proof
chamber. Each facility consists of two typical units: an accelerator unit, and a unit of the electromagnet pulsed powering system. The output parameters of the facility are the
maximum transmission ability of 200 mm of the lead at
1 m from the betatron target, the resolution of less than
1 mm, the gamma-pulse full width at half maximum of
100 ns in a single-frame mode, the gamma-pulse full width
at half maximum of 150 ns in a three-frame mode. The
complex will be able to obtain up to 54 frames in one hydrodynamic experiment at the operation of each facility in
a three-frame mode. The complex is compact. Its diameter
with a service area will be 20 m.

INTRODUCTION
Powerful pulsed radiation sources of optimal spectral
composition are required for the radiography of dynamic
objects with the large optical thickness. The generators of
such radiation are either linear or cyclic accelerators.
The information content of the radiography can be considerably increased in case when an object is X-rayed by
several beams with independent spatial coordinates. In this
situation it is possible to start solving the task of the distribution material recovery in the test object without making
an assumption of the object symmetry. The realization of
this experiment geometry is possible by using several accelerators or an electron beam distribution to the necessary

number of targets. The electron beam in the second case
might be generated for example by a linear accelerator.
According to the authors’ opinion the realization of the
first case scenario is more preferable. It has an advantage
with respect to the variant of the distribution of the linear
accelerator beam. The first case makes every X-ray beam
be shaped independently by its accelerator and the total
number of information quanta increases proportionally to
the number of accelerators.

REVIEW OF ACTIVE RADIOGRAPHIC
COMPLEXES
Nowadays there are several active radiographic complexes based on the linear accelerators. It is worth mentioning the well-known USA complexes such as DARTH-I,
DARTH-II, FXR, the Chinese complexes such as
DRAGON-I, DRAGON-II, the French complex AIRIX,
and others [1]. The main characteristics of these radiographic complexes are presented in Table 1.
The ironless pulsed compact betatrons of the BIM type
[2,3,4] have been used in FSUE “RFNC-VNIIEF” and
FSUE “RFNC-VNIITF” for a long time in radiographic
complexes to conduct hydrodynamic investigations. In particular, there have been the investigations of the substance
behaviour in extreme conditions [5]. The complexes of
FSUE “RFNC-VNIIEF” and FSUE “RFNC-VNIITF” are
called X-Ray Complex based on the Betatron (XRCB) and
X-Ray Complex based on the Betatron-1 (XRCB-1). These
complexes contain three and two accelerators of BIM
234.3000 type respectively. The main characteristics of the
Russian radiographic complexes based on betatrons are
provided in Table 2.

Table 1: Characteristics of the Active Radiographic Complexes

Parameters
Electron energy, MeV

AIRIX,
France

FXR,
USA

DARTH-I, DARTH-II, DRAGON-I, DRAGON-II,
USA
USA
China
China

20

18

19.8

18.4

19.2

20

Beam current, А

3500

2300-3400

2000

2000

2540

2500

Pulse width, ns

60

65

60

4×(20-100)

70

3×60

1.6-2.0

3.2-3.5

1.9-2.1

1.9-2.1

1.0

1.0

Beam diameter, mm

___________________________________________
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SC240 FOR PROTON THERAPY *
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Abstract
Superconducting cyclotron becomes an optimum
choice for delivering high quality proton beam due to its
compactness, low power consuming and high stability.
We have developed a 200 MeV superconducting proton
cyclotron for radiotherapy. For diversifying products, the
goal of development is to produce a 240 MeV proton
beam by superconducting cyclotron (SC240) for medical
use. The magnet system is composed of one set of
NbTi/Cu superconducting coils and four spiral sectors
with a yoke. The hill angular widths, hill gaps, and spiral
angles with radius have been designed for the isochronous
magnetic field. The design and technical considerations
on spiral hill, betatron oscillation optimization, and precession extraction have been presented.

INTRODUCTION

It is well known that particle therapy is one of the most
effective methods for cancer treatment. Compared to
traditional X-ray beam, proton beam has a unique depthdose distribution with ‘Bragg peak’ located at the end of
the radiation range, which is related to the proton energy.
Protons are more preferable for most types of tumors due
to accurate local dose control and minimum damage to
the healthy tissues surrounding at the target. According to
PTCOG’s report [1], the number of patients treated with
particle therapy is 84,492 by 2010, and more than 85% is
treated with proton beams.
For 25 cm depth of human tissues, 200 MeV energy for
proton is required. Considering the price and compactness, a 200 MeV superconducting proton cyclotron is
under construction for radiotherapy [2-5]. Compared to
room-temperature magnet, the radius of cyclotrons using
superconducting magnet can be decreased to 50%, due to
much higher average magnetic field, which is easy to
reach 3T [6]. For diversifying products, a 240 MeV superconducting proton cyclotron (SC240) should be designed by ASIPP to treat deeper tumors.
At the world, the proton cyclotrons with 200-250 MeV
energy range were provided by several suppliers for medical use, such as IBA [7], Varian [8], Mevion [9], etc.
Recently, more organizations are actively in development
of superconducting proton therapy system, such as Sumitomo [10], HUST [11], CIEA [12], Pronova [13], etc. The
___________________________________________
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compactness, low power consumption and high stability
of low temperature superconducting (LTS) magnet make
this scheme very attractive for hospital application.
The SC240 cyclotron will accelerate protons from a
few eV to 240 MeV. It is focused on high intensity beam,
high extraction efficiency, and low current density in
superconducting coils for long-time running. In this paper,
the magnetic field distribution in mid-plane of a magnet
has been designed for stable beam acceleration. We used
FEM software to simulate a 3-D magnetic field and used
self-writing code to analyze beam characteristics for the
magnetic field distribution.

GENERALLY DESCRIPTION
SC240 proton cyclotron used an internal positive penning ion source (PIG) for obtaining the required beam
intensity in proton therapy, which simplifies the injection
structure. A set of NbTi / Cu superconducting coils is used
to produce a high magnetic field. Precession beam extraction was employed in SC240. This extraction method can
increased from < 1mm to ≈ 7.5mm at the last turn separation by introducing a 1st harmonic field bump near the
resonance crossing line νr = 1.0. The extraction efficiency
is expected higher than 80%.
The superconducting magnet for SC240 proton cyclotron is consists of an iron yoke, four spiral hills, and a
superconducting coil system (Figure 1). The general specifications of SC240 are listed in Table 1.

Figure 1: The superconducting magnet system of SC240.
The yoke and spiral hills are made of low-carbon steel.
To achieve adequate axial focusing, the sector structure is
four-fold rotational symmetric and is shaped in spiral. In
addition, to maintain stable vertical focusing to avoid
dangerous resonance crossing, the spiral angle need to be
modulated along the radius. There are 8 holes in the yoke
for RF cavities, 12 holes for support links of the super-
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Abstract
The Clatterbridge Cancer Centre (CCC) in the UK is a
particle therapy facility providing treatment for ocular cancers using a 60 MeV passively scattered proton therapy beam.
A model of the beamline using the Monte Carlo Simulation
toolkit Geant4 has been developed for accurate characterisation of the beam [1]. In order to validate the simulation, a
study of the beam profiles along the delivery system is necessary. Beam profile measurements have been performed
at multiple positions in the CCC beam line using both EBT3
Gafchromic film and Medipix3, a single quantum counting
chip developed specifically for medical applications, typically used for x-ray detection. This is the first time its performance has been tested within a clinical, high proton flux
environment. EBT3 is the current standard for conventional
radiotherapy film dosimetry and was used to determine the
dose and for correlation to fluence measured by Medipix3.
The count rate linearity and doses recorded with Medipix3
were evaluated across the full range of available beam intensities, up to 3.12 × 1010 protons/s. The applicability of
Medipix3 for absolute proton therapy dosimetry is discussed
and measurements are compared against the performance of
EBT3.

INTRODUCTION

The Clatterbridge Cancer Centre (CCC) in the UK is the
world’s first hospital based particle therapy facility and has
been successfully treating patients for ocular cancers since
1989. Originally built and commissioned for fast neutron
therapy trials, it was shortly after converted into a proton
beamline and ocular treatment facility [2]. Given its operational historically, many of the treatment line components
and quality assurance (QA) equipment were constructed
in-house. Several modifications to the accelerator and transport line were necessary, and so, there are clear differences
with the beam and system initially commissioned. As the
facility handles a busy patient load and achieves high rates
of treatment success, the beamline itself is constrained by
clinical requirements; any beam diagnostics checks are performed within the treatment beamline, located much further
downstream of the last steering dipole magnet. These associBoth authors contributed equally to this work
jacinta.yap@cockcroft.ac.uk
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ated uncertainties with beam parameters, quality and unique
clinical conditions are not common by modern standards
and as a result proved both a challenging and promising
environment for our tests.
Essential to this study and other work carried out at the
beamline, is an understanding of the behaviour and parameters of the beam being delivered. In this case, simulation
studies are instrumental to characterise the beam and for
comparison with experimental measurements. As such, a
model of the CCC beamline [1] has been developed using
the Monte Carlo simulation toolkit, Geant4 [3] and efforts
are ongoing to verify and validate the model. Transverse
beam profiles, beam divergence and lateral spread are all
important beam observables and indicate the accuracy of
certain model parameters. Therefore, measurements with
EBT3 film and Medipix3 contribute to validation.

METHOD
The Medipix3 is a hybrid pixel detector and uses a 500 𝜇m
silicon sensor, the active area is 28x28 mm2 . At 60 MeV,
every single proton that impinges on the sensor deposits
charge along its path and passes through the sensor, the
charge is collected in pixels. Anything from single pixel
points to long tracks can be observed depending on the incident angle of the proton. At this energy, a proton beam perpendicular to the sensor will produce mostly one pixel events
per proton, whereas a non-perpendicular beam to the sensor
will produce long tracks where many pixels are triggered.
With high energy deposition, such as from these 60 MeV
protons, charge will be shared between pixels through the
sensor. Both due to the high charge deposition and also
simple geometric effects, the charge cloud generated by the
protons does not have to be centred on pixels. This means
that the detector will over count compared to the number
of protons which actually impinge on the detector. This
undesired effect is called ‘charge sharing’ [4]. No attempt
to compensate for it has been made here due to the reduced
count rate capabilities since this measurement was intended to measure high count rates. This was a ‘worse case’
scenario due to the relatively thick Si sensor and the charge
sharing effect contributing to a guaranteed increase in count
rate, both of these effects push the count rate up.
These measurements were performed using a Medipix3
based detector using a SPIDR readout system [5, 6] from
Nikhef, with the experimental layout as in Fig. 1. The
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SIMULATING MATTER INTERACTIONS OF PARTIALLY STRIPPED
IONS IN BDSIM∗
A. Abramov† , S. T. Boogert, L. J. Nevay,
John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX, UK

Abstract

Acceleration and storage of beams of relativistic partially
stripped ions is more challenging than in the case of fully
stripped ions because the interactions with matter, such as
those with residual gas and collimators can strip electrons
via ionisation. BDSIM is a code for the simulation of energy
deposition and charged particle backgrounds in accelerators
that uses the Geant4 physics library. Geant4 includes a broad
range of ion elastic and inelastic interactions and allows
the definition of partially stripped ion beams. However, no
models are currently available to handle in-flight interactions
involving the bound electrons. In this paper we present a
semi-empirical model of beam ion stripping by material
atoms that is implemented in BDSIM as an extension of
Geant4’s existing physics processes and is fully integrated
into a comprehensive set of matter interactions for partially
stripped ions. The stripping cross-section for select cases
and results from comprehensive simulations are presented.

INTRODUCTION

In recent years, partially stripped ions (PSI) have been
a topic of increasing interest in accelerator physics. Large
projects such as the Facility for Antiproton and Ion Research
(FAIR) at GSI (Germany) [1] or the Gamma Factory initiative at CERN (Switzerland) [2] motivate studies into the
aspects of accelerating and storing of PSI beams. In contrast
to the fully-stripped ions that have been used in nucleusnucleus colliders and in other applications, PSI are incompletely ionised and retain some of their bound electrons. The
presence of the bound electrons enables processes of interest
like laser excitation of atomic states, but also makes accelerator operation with PSI beams more challenging. The
interactions between PSI and matter like residual gas or
beam-intercepting devices can change the charge state of
the ions by means of electron loss and reduce the beam lifetime [3]. For example, during the first PSI beam tests at
the Large Hadron Collider (LHC), the secondary beams produced by stripping of beam ions by the primary collimators
was found to be one of the limiting factors for the beam
intensity [4, 5]. There has been a significant effort to improve the understanding PSI interactions with matter and the
charge-changing processes involved and to benchmark the
theoretical results with measurements [6]. Dedicated simulation tools have been developed to calculate charge-changing
cross-sections for different ion species traversing a variety of
materials [7]. Semi-empirical cross-section formulae have
∗
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been derived from the results of these simulations, including
an electron stripping cross-section formula. The aim of this
work is to integrate an electron stripping physics process,
based on a semi-empirical model, into Beam Delivery Simulation (BDSIM ) [8–10] in order to allow for comprehensive
radiation transport studies with arbitrary one-electron and
many-electron PSI species traversing arbitrary materials and
material mixtures.
BDSIM is a program that combines particle tracking routines and radiation transport to simulate energy deposition
and charged particle background in a 3D beamline model.
It uses the Geant4 [11–13] physics library, which includes a
large selection of physical interaction models. Geant4 currently allows PSI beams to be defined, but does not have processes that handle in-flight interactions involving the bound
electrons. BDSIM is chosen for the process implementation
because it is an integrated tool that provides an interface to
the Geant4 library. BDSIM features a build system, modular
physics lists and model design utilities that help the development and testing of new physics processes. The PSI stripping
process is built upon the Geant4’s physics processes interfaces, ensuring that the implementation is consistent and
the model can potentially be a candidate feature for a later
Geant4 release.

INTERACTIONS OF PARTIALLY
STRIPPED IONS WITH MATTER
When traversing a target of neutral atoms, ions can undergo charge-changing interactions - electron capture or
electron loss. The rate of those interactions depends on the
projectile ion species and energy, as well as on the target material. In general, electron loss and electron capture compete
with each other and eventually form an equilibrium of charge
state fractions. This study is primarily interested on the
ultra-relativistic regime (E > 10 GeV/u), where the electron
capture and multi-electron capture and ionisation processes
are suppressed [6], meaning that the equilibrium charge state
is a bare nucleus and the dominant charge-changing process
is single electron loss. The semi-empirical formula used to
obtain the electron loss cross sectionis [14] is:
#
"
u
cm2
= 0.88 × 10−16 (ZT + 1) 2 2
σ
atom
u + 3.5
! (1)
! 1+0.01q
1.31
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4+
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TACTILE COLLIDER : ACCELERATOR OUTREACH TO VISUALLY
IMPAIRED AUDIENCES

R.B. Appleby † , B. Kyle, M. Hibbard, B. Jeffrey, T. Pacey, H. Rafique, S. Tygier, R. Watson
The University of Manchester and the Cockcroft Institute of Accelerator Science and Technology.
C.S. Edmonds,
The University of Liverpool and the Cockcroft Institute of Accelerator Science and Technology , UK
A. Healy, T. Boyd
The University of Lancaster and the Cockcroft Institute, UK

Abstract

The Large Hadron Collider (LHC) has attracted significant attention from the general public. The science of the
LHC and Higgs Boson is primarily communicated to school
children and the wider public using visual methods. As a result, people with visual impairment (VI) often have difficulty
accessing scientific communications and may be culturally
excluded from news of scientific progress. Tactile Collider is
a multi-sensory experience that aims to communicate particle accelerator science in a way that is inclusive of audiences
with VI. These experiences are delivered as a 2-hour event
that has been touring the UK since 2017. In this article
we present the methods and training that have been used
in implementing Tactile Collider as a model for engaging
children and adults with science. The event has been developed alongside experts that specialise in making learning
accessible to people with VI.

INTRODUCTION

The largely visual communication of the leading science
of the 21st century excludes the large fraction of the world’s
population with some kind of visual impairment. For example, pictures of galaxies, a Higgs boson event or a photograph
of the lattice of the LHC. This exclusion is large - the UK
alone has 3M people with some kind of registered VI [1] and often this audience has other, related disabilities. Tactile Collider [2] is a first of its kind project to engage this
audience in fundamental science and develop new models
and approaches to the audience engagement. The Tactile
Collider team has worked with VI experts and consultants to
understand the audience and make communication materials
that really work. In this paper we describe the methods used
to produce the Tactile Collider materials and the formulation
of the Tactile Collider touring event, which has toured VI
centres, schools and events since 2017. To understand what
Tactile Collider event looks like, Fig. 1 shows an event in
a VI school, with scientists engaging in new ways with VI
audience members. The event is focused around four interactive stations and an accelerator model called Cassie. We
shall describe these, and the design process, in this paper.
For the Tactile Collider model and event evaluation see [3].
†

Corresponding author, robert.appleby@manchester.ac.uk

THPMP035
3518

Figure 1: The centrepiece of a Tactile Collider event is
CASSIE particle accelerator model. This is surrounded
by four breakaway activity stations that focus on particles,
magnets, acceleration and the Higgs Boson.

DESIGN OF THE TACTILE
COLLIDER EVENT
The strategy of Tactile Collider is an event focused on the
needs of the audience. Each of the stations described in the
next section and the experience was designed to be authentic,
in the sense that the science message and experience given
to a VI audience should be in no way different to that given
to a non-VI audience in content or depth. Materials need to
be adapted to a number of different mediums and the time
taken to deliver content needs to be extended to allow the target audience time to engage with complicated theories and
ideas. For example, visually communicated ideas on how
we use magnets to bend and focus particle beams should be
done using Tactile map, tactile objects through games and
using audio in terms of sonification. This audience equality
is crucial to the democratizing of the scientific debate. In
the same way, authentic scientific language should be used
where possible, with appropriate definitions and clarifications.
The material should be communicated in several different
ways, to accommodate varying degrees and impact of personal sight loss and personal learning strategies which have
evolved as a result. This multi-mode approach reinforces the
key learning points and gives the learner the option of different methods. For example using a tactile diagram alongside
a tactile object and audio soundscape to explain the movement of particles in a particle accelerator; or the combination
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BEAM DYNAMICS OF NOVEL HYBRID ION MASS ANALYSERS
R.B. Appleby, T. Rose∗ , The University of Manchester and the Cockcroft Institute, UK
K. Richardson, M. Green, P. Nixon, Waters Corporation, UK
OVERVIEW OF THE DEVICE

Abstract

Fourier transform (FT) mass spectrometers achieve high
resolution using relatively long transient times by trapping
ions and measuring the frequency of their motion (inductively) inside an electrostatic potential. By contrast, time-offlight (ToF) mass spectrometers measure the time of flight
between an initiation pulse and contact with a destructive
detector positioned on a plane of space focus after flying
along a predetermined route. These devices have relatively
short flight times and, generally, lower resolution. A class
of hybrid analysers have been proposed and studied, utilising a quadro-logarithmic potential to reflect ions multiple
times past an inductive detector, with the potential for the
short transient of ToF devices - and the high resolution of FT
devices. In this paper we compute the ion dynamics inside
such devices, tracking bunches of ions and studying induced
signals.

INTRODUCTION

The novel device studied in this paper operates in a similar
manner to Orbitrap mass spectrometers [1] - confining ions
in circular orbits using their angular momentum, using a
quadratic axial potential to force ions into simple harmonic
motion along the axis perpendicular to the orbital motion,
and measuring induced current. The potential is supported
by a series of segmented rings, held at the voltage described
by the field at the centre of each electrode so that the region
contained relaxes to the desired potential. The oscillation
frequency of ions inside the device, used to calculate their
mass-to-charge, is measured via the differential image current produced by grounded electrodes located at the central
plane of the device. This differs to the Orbitrap, wherein
the image current is recorded over the entire oscillation of
ions [2]. The signal from this new device takes the form
of sharp pulses corresponding to when ions pass the detectors, which, compared to the signal from an Orbitrap, may
offer higher mass-to-charge resolution per unit time. The
oscillation frequency (and therefore mass measurement) is
affected by the accuracy of the electrostatic potential produced by the device, which is affected by the segmentation,
the detector electrodes, and the errors in voltage applied
to the electrodes, which arise from source fluctuations and
component impedance errors.
∗
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Producing the Potential
The electrostatic potential used takes a quadro-logarithmic
form,


 
k 2 r2
r
z −
+ b0 ln
+ b1,
(1)
U(r, z) =
2
2
r0
where r and z are the radial and axial components of a cylindrical coordinate system, and k, b0 , r0 , and b1 are parameters
which define the shape of the potential. It is supported by a
series of adjacent pairs of concentric ring electrodes, with
segmented caps at each end. A representative diagram is
shown in Figure 1.
The bulk of the analyser spans 1.1 m axially, made from
110 pairs of 8 mm wide electrodes separated by 2 mm. The
inner electrodes have radius 20 mm and the outer electrodes
have radius 100 mm. The caps are a series of 8 concentric annular electrodes, 8 mm thick with 2 mm separation,
located 2 mm from the edge the bulk of the device.

Ion Motion
Richardson et al. [3] have described and classified the solutions to the equations of motion for the quadro-logarithmic
potential. Axial and orbital motion are decoupled and the
useful results are shown below.
Axial motion The axial motion has well known solutions when qk > 0, which describe confined sinusoidal
oscillations with angular frequency given by
r
qk
.
(2)
ω=
m
Orbital motion The important case of stably bound
circular orbits occurs when the parameters of the potential
satisfy
√
b0 > 2 k∆U R0,
(3a)
and

k 2
R + 2∆U,
(3b)
2 0
where ∆U is the potential difference applied to accelerate
ions into the device, and R0 is the radius of injection.
b0 =

IMPACT OF SEGMENTATION
The segments used to create the potential are finite in size
and have to be held at a static voltage. This creates a deviation to the ideal potential which perturbs ion trajectories,
which will affect the signal produced and ultimately performance. To measure these effects, a device is simulated in
SIMION 8.1 [4] [5], using the parameters k = 80000 Vm−2 ,
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COLLABORATIVE STRATEGIES FOR MEETING THE GLOBAL NEED
FOR CANCER RADIATION THERAPY TREATMENT SYSTEMS
M. Dosanjh†, P. Collier, I. Syratchev, W. Wuensch, CERN, Geneva, Switzerland
A. Aggarwal, King’s College, London, UK
G. Burt, R. Apsimon, Lancaster University, UK
S. Boogert, Royal Holloway, University of London, UK
D. Angal-Kalinin, P. A. McIntosh, B. L. Militsyn, STFC Daresbury Laboratory, Warrington, UK
I. V. Konoplev, S. Sheehy, John Adams Institute for Accelerator Science, University of Oxford, UK
N. Coleman, D. Pistenmaa, International Cancer Expert Corps, Inc., Washington DC, USA
A. W. Cross, Strathclyde University, Glasgow, UK

Abstract
The idea of designing affordable equipment and developing sustainable infrastructures for delivering radiation
treatment for patients with cancer in countries that lack
resources and expertise stimulated a first International
Cancer Expert Corps (ICEC) championed, CERN-hosted
workshop in Geneva in November 2016. Which has since
been followed by three additional workshops involving
the sponsorship and support from UK Science and Technology Facilities Council (STFC). One of the major challenges in meeting this need to deliver radiotherapy in lowand middle-income countries (LMIC) is to design a linear
accelerator and associated instrumentation system which
can be operated in locations where general infrastructures
and qualified human resources are poor or lacking, power
outages and water supply fluctuations can occur frequently and where climatic conditions might be harsh and challenging. In parallel it is essential to address education,
training and mentoring requirements for current, as well
as future novel radiation therapy treatment (RTT) systems.

BACKGROUND AND CHALLENGE

The expected increase in annual global incidence of
cancer from 15 million cases with 8.2 million deaths in
2015 to 25 million cases with 13 million deaths in 2035 is
a critical global health and societal issue [1]. It is estimated that 65 - 70% of these cases will occur in LMICs
where there is a severe shortfall in RTT capacity (Fig. 1).

Figure 1: RTT shortfall in the African Continent (IAEA).
___________________________________________
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The provision of a fundamental cost-effective modality
for the curative or palliative treatment for ~50% of new
patients with cancer need RTT for cure, but 100% of
patients with metastatic disease may require RTT at some
stage. This growing burden of cancer, as well as other
non-communicable diseases (NCDs) in these countries,
was recognized by the UN General Assembly in 2011 [2]
and is reflected in World Health Organisation data [3].
In Sept 2015, the Global Task Force on Radiotherapy
for Cancer Control released a comprehensive study of the
global demand for radiation therapy that highlighted the
estimated need for as many as 12,600 megavolt-class
treatment machines in LMICs by 2035 and, based on
current staffing models, the need for an additional 30,000
radiation oncologists, over 22,000 medical physicists and
almost 80,000 radiation technologists [4].
In summary, factors limiting the development and implementation of high quality radiotherapy in LMICs include the cost of equipment and infrastructure and the
shortage of trained personnel in several disciplines (engineers, medical physicists, radiation oncologists and radiotherapy technicians) to install, run and maintain the
equipment and to plan and deliver high quality treatment
for patients.

TAKING ACTION
Motivated by these factors and the Sustainable Development Goals of the UN [5], four multi-disciplinary international workshops have been conducted;
 “Design Characteristics of a Novel Linear Accelerator for Challenging Environments”, November 2016
sponsored by ICEC [6] and hosted by CERN;
https://indico.cern.ch/event/560969/
 “Innovative, Robust and Affordable Medical Linear
Accelerators for Challenging Environments”, October 2017, co-sponsored by ICEC and STFC and
hosted by CERN;
https://indico.cern.ch/event/661597/
 “Burying the Complexity: Re-engineering for the
Next Generation of Medical Linear Accelerators for
Use in Challenging Environments”, March 2018,
hosted by STFC in UK in collaboration with CERN
and ICEC;
https://indico.cern.ch/event/698939/
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HOW ROBUST ARE EXISTING MEDICAL LINACS IN CHALLENGING
ENVIRONMENTS? A STUDY OF DOWN TIME AND FAILURE CAUSES
S. L. Sheehy† 1 , L. M. Wroe, A. Steinberg, University of Oxford, Oxford, UK
A. J. Egerton, Egerton Consulting, Malmesbury, Wiltshire, UK
1
also at University of Melbourne, VIC, Australia

Abstract
There is a severe lack of radiotherapy linear accelerators
(LINACs) in Low- and Middle-Income countries (LMICs),
limiting capacity for cancer care in these regions. Anecdotally, operating high tech accelerators in environments with
power fluctuations, harsh climatic conditions and geographic
isolation leads to large failure rates and downtime. To guide
future developments, this study presents a data-driven approach to collect statistical data on LINAC downtime and
failure modes, comparing to a simple availability model.

INTRODUCTION

There is a current lack of around 5000 radiotherapy
LINACs in Low and Middle-Income (LMIC) countries, a
shortfall which is due to rise to 12,400 by 2035. The incidence of cancer is rapidly increasing in these areas, and far
from closing the gap by building new centres, the problem is
in fact increasing [1]. A number of reports have highlighted
that the LINACs themselves “do not function well in the
adverse conditions encountered in LMICs” [2] because of
”regular interruptions to energy supply, lack of air temperature control in buildings, and weak health systems” [3].
An initial study conducted in 2018 gathered the first statistical data of the downtime and failure modes of medical
LINACs in Nigeria and Botswana, and compared this to
the downtime and failure modes in a High Income Country, namely the UK [4]. Reliability issues are experienced
for a variety of reasons (including the lack of appropriately
skilled staff, environmental stresses and intermittent power
supplies). This work was carried out in the context of a
new collaborative research program initiated through a number of workshops co-ordinated by CERN, STFC and ICEC.
Subsequent studies of accelerator technology needs an underpinning dataset to inform future interventions.
The initial failure rate study had limited statistics, collecting data from just two LMICs (Botswana and Nigeria)
and one HIC (United Kingdom). A major barrier to data
collection is the time-consuming nature of analysing digital
or print log-books, due to the lack of automated recording
and categorisation of fault data. This issue should be addressed in future, with an extended study and potentially in
collaboration with vendors.
Some of the issues faced regarding LINAC downtime in
LMICS may be addressed by: improving the robustness of
design for certain LINAC subsystems such as vacuum and
control system electronics, improving system tolerance to
†
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power failure, improving maintainability to reduce the skill
requirements on maintenance staff and thereby reduce downtime as well as the risk of making errors during complex
processes and providing a readily accessible supply of spare
parts.
To elucidate the impact of different aspects of the challenge, a simple model has been developed to compare potential future interventions. The tool is based on a reliability
analysis for a generic (i.e. non vendor-specific) LINAC. A
simple high level reliability model should provide an objective tool to determine the benefits that may be expected from
simple changes to design or spares holdings. For instance,
we can ask the question of whether the machine downtime
is dominated by time to failure, lack of spare parts, time to
repair, or other factors. Will a ready availability of spare
parts allow the machines to have availability equal to the
HIC equivalent, or is it better to incorporate ’hot spares’ at
additional cost, so that the machine can continue running
even in the case of a subsystem failure?
Any reliability analysis is only as good as the input data,
so this model is kept simple in nature to reflect the nature
of the Mean Time Between Failure data which has been
ascertained from data collected in an earlier study [4], but
can be updated in the availability tool as more information
is obtained.

AVAILABILITY MODEL
A simple availability modelling tool has been developed
to guide future design developments. The most important
input into any such tool is the Mean Time Between Failure
(MTBF) data, which has been estimated from the earlier
study. Additional data input from this study includes the
percentage of repairs requiring spare parts and the typical
re-stocking time of spare parts, which is usually 1-2 days for
most parts in Europe.
Since it is not useful to build a model which is more
sophisticated than the input data, a number of limitations
exist in the current model, the primary one being that no
dependencies are assumed between subsystems.
This simple availability tool extends our previous work in
analysing LINAC downtime [4] and availability and takes
a subsystem view of the whole machine. The current tool
has broken down the machine into 18 systems, as shown in
Fig. 1.
Based on knowledge of the system, three subsystems are
further broken down closer to component level, these are the
RF Power Control (split into Thyratron, Cabling, Modulator
and Other), Electron Gun (split into Gun, the high voltage
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A COMPARATIVE STUDY OF BIOLOGICAL EFFECTS OF ELECTRONS
AND Co-60 GAMMA RAYS ON pBR322 PLASMID DNA
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Abstract
We investigate the damage caused by 6 – 15 MeV electrons to pBR322 plasmid DNA and compare the break
yield to that of Co-60 gamma rays to develop an understanding of the mechanisms of electron-induced DNA
damage. Plasmids were chosen to allow for observation of
DNA damage in isolation – unlike cells, plasmids have no
repair mechanisms, so any damage remains unrepaired.
We outline the set-up, analysis and results of plasmid irradiation experiments carried out at the Dalton Cumbrian Facility (UK) and the Christie NHS Foundation Trust (UK)
in Feb and Apr 2019 respectively. The double-strand break
(DSB) yield of each modality was determined to compare
the efficacy of electrons to that of gamma rays with respect
to DNA damage.

INTRODUCTION AND AIMS
A recent study by Cancer Research UK indicates that one
in two people born after 1960 will suffer from cancer during their lifetime [1]. Radiotherapy in the UK is primarily
carried out using 12 MV photons, with 40% of patients receiving radiotherapy as part of their treatment [2] - typically in combination with surgery and/or chemotherapy.
Developments in high-gradient linear accelerators [3-5]
could allow Very High Energy Electron (VHEE) therapy
(involving the use of 50-250 MeV electrons), to become a
viable option for radiotherapy treatment [6,7]. By adapting
high-gradient technology, medical linacs with accelerating
gradients of ~100 MeV/m could be capable of producing
250 MeV electrons within current treatment facilities.
VHEE therapy has several characteristics and potential
advantages which make it an exciting area of radiotherapy
research. Firstly, VHEEs have the potential to be used for
treatment of deep-seated tumours – 200 MeV electrons can
penetrate more than 30cm into tissue. Secondly, research at
CERN’s CLEAR facility indicates that VHEEs show relative insensitivity to inhomogeneities [8], making them suitable for treatment of heterogeneous regions, e.g. the lung.
As electrons are light compared to protons, they are more
readily controllable using focusing and steering magnets,
allowing rapid delivery. Sub-second treatment delivery
could ‘freeze’ physiological motion, resulting in dose delivery with increased accuracy and reduced healthy tissue
irradiation. In addition, these high dose rates (in excess of
40 Gy/s) appear to maintain tumour control while reducing
radiation toxicity to healthy tissue [9-11].
The primary mechanism behind radiotherapy is DNA
damage. Ionising radiation can cause several types of damage to DNA. The most difficult to repair are damages to

one or both DNA strands – single-strand breaks (SSBs) and
double-strand breaks (DSBs) respectively. If breaks are left
unrepaired, or repaired incorrectly, the cell may be unable
to function or replicate, potentially resulting in cell death.
Here, we investigate DNA damage caused by 6 - 15 MeV
electron irradiation of plasmid DNA. Plasmids are ringlike DNA structures found in bacteria. Plasmids were chosen over cells as they have no repair mechanisms - pure
DNA damage can be measured, as no DNA strand breaks
will be repaired. This work is a prelude to cell irradiations
– comparison of cell and plasmid irradiation will indicate
the DNA damage repair (DDR) rate of irradiated cells.
The resulting DSB yields were then compared with those
caused by similar irradiation using Co-60 gamma rays.
This study contributes to a wider investigation into the biological effects of VHEE, with the aim of producing a
value for the Relative Biological Effectiveness (RBE) of
VHEE – RBE is the ratio of doses required by two radiation
modalities to cause the same level of biological effect. It is
normalised with respect to Co-60 γ RBE.
The following section outlines the setup of the plasmid
irradiation experiments at the Dalton Cumbrian Facility
(DCF) and the Christie. A section detailing the subsequent
analysis techniques, mathematical models and method of
calculating DSB yields will follow. The paper will conclude with a discussion of the experiment results and their
fits to general models and an outline of future plasmid and
cell irradiation studies.

EXPERIMENTAL SETUP
Plasmid Sample Preparation
pBR322 plasmid DNA, a commonly used cloning vector
in E. coli with length 4361 base pairs (b.p.) was irradiated.
It was purchased from New England Biolabs Inc, with initial concentration of 1000 ng/μl and diluted with doubledistilled water to an assumed concentration of 100 ng/μl.
Initial agarose gel electrophoresis of unirradiated sample
indicated that >90% of the plasmid was in a supercoiled
form. 15 μl (for Co-60 irradiation) or 30 μl (for electron
irradiation) of the prepared plasmid solution, containing
1.5 or 3 μg of plasmid, was pipetted into 1.5 ml sealable
Eppendorf tubes. Sample sizes were chosen based on a previous proton plasmid irradiation study by Vysin et al. [12].

Co-60 Gamma Irradiation – Dalton Cumbrian
Facility
Gamma irradiation was carried out at the Dalton Cumbrian Facility (DCF). The irradiator was a Foss Therapy
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PERFORMANCE OPTIMIZATION OF ION BEAM THERAPY*
C.P. Welsch#, Cockcroft Institute and The University of Liverpool, UK
on behalf of the OMA Consortium
Abstract

Proton Beam Characterization

Proton beam therapy promises significant advantages
over other forms of radiation therapy. However, to assure
the best possible cancer care for patients further R&D into
novel beam imaging and patient diagnostics, enhanced
biological and physical models in Monte Carlo codes, as
well as clinical facility design and optimization is required.
Within the pan-European Optimization of Medical
Accelerators (OMA) project collaborative research is
being carried out between universities, research and
clinical facilities, and industry in all of these areas. This
paper presents results from studies into low-intensity
proton beam diagnostics, prompt gamma-based range
verification in proton therapy, as well as prospects for a
new proton irradiation facility for radiobiological
measurements at an 18 MeV cyclotron. A brief summary of
past and future events organized the network is also given.

For any ion beam facility, a comprehensive set of beam
diagnostics is required to measure all relevant beam
parameters such as beam current, position, profile and
emittance. Within OMA, there is a focus on the
development of non-interceptive monitors that allow
measuring key beam parameters without affecting the
primary beam much.
At the Paul Scherrer Institut (PSI), OMA Fellow
Sudharsan Srinivasan has been developing a noninterceptive beam current and position monitor to
characterize beams with currents down to 0.1 nA. Cavity
resonators are ideally suited for this task due to their ability
to measure low currents and their superior sensitivity
compared to other diagnostics such as wall current
monitors [2]. ANSYS HFSS was used as simulation tool
for the design and optimization of the resonator. The
dielectric filled re-entrant cavity forming a coaxial line
with the beam pipe has three main mechanical parts, as
shown in Fig. 1: The beam tube; dielectric gap filled with
Macor; and coaxial extension which is short-circuited
downstream. This design combines mechanical simplicity
with ease of manufacture due to its cylinder symmetry. The
cavity is made of aluminium; the dielectric shifts the
resonance frequency from 225.0 to 145.7 MHz; four
magnetic pickup loops are mounted inside the resonator,
see Fig. 1.

INTRODUCTION
The Optimization of Medical Accelerators (OMA)
project [1] trains the next generation of radiotherapy
specialists and optimizes cancer treatment using ion
beams. The project has received four million Euro of
funding to employ fifteen Fellows who undertake research
projects at leading research centers, universities and
industry. The project’s R&D program ranges from life
sciences (oncology, cell and micro biology and medical
imaging) to physics and accelerator sciences, mathematics
IT and engineering. Therefore, it is ideally suited for an
innovative training of early stage researchers. By closely
linking all the above research areas, OMA provides an
interdisciplinary education to its Fellows and equips them
with solid knowledge in research areas adjacent to their
core research field, as well as with business competences
and give them a great basis for a career in research.

RESEARCH
Research within OMA is carried out by the Fellows
across three closely interlinked work packages. These are
Beam Imaging and Diagnostics, Treatment Optimization,
and Facility Design and Optimization. A roughly equal
number of Fellows has their main research focus on each
work package, but there are also many collaborative links
between the individual projects and work packages so that
an overall optimization of ion beam therapy can be
achieved. The following examples highlight selected
research results obtained across OMA.
___________________________________________

* This project has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie
Skłodowska-Curie grant agreement No 675265.
# c.p.welsch@liverpool.ac.uk

Figure 1: Dielectric-filled re-entrant cavity resonator as
beam current monitor. The pickups in the figure represent
the large magnetic loops in one plane (as port 3 and 5). Two
small magnetic loops are in the other plane (as port 4 and
6). Port 1 is the beam entrance and Port 2 is the exit [3].
The monitor was characterized on a test bench at PSI and
a very good agreement between these measurements and
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NON-INVASIVE BEAM MONITORING USING LHCb VELO
WITH 40 MeV PROTONS
R. Schnuerer∗ , J. S. L. Yap, H. Zhang, C. P. Welsch,
Cockcroft Institute and University of Liverpool, Warrington, UK
T. Szumlak, AGH University of Science and Technology, Krakow, Poland
T. Price, University of Birmingham, Birmingham, UK
Abstract
In proton beam therapy, knowledge of the detailed beam
properties is essential to ensure effective dose delivery to
the patient. In clinical practice, currently used interceptive
ionisation chambers require daily calibration and suffer from
slow response time. This contribution presents a new noninvasive method for dose online monitoring. It is based on
the silicon multi-strip sensor LHCb VELO (VErtex LOcator), developed originally for the LHCb experiment at CERN.
The semi-circular detector geometry offers the possibility to
measure beam intensity through halo measurements without
interfering with the beam core. Results from initial tests
using this monitor in the 40 MeV proton beamline at the
University of Birmingham, UK are shown. Synchronised
with an ionisation chamber and the RF cyclotron frequency,
VELO was used as online monitor by measuring the intensity
in the proton beam halo and using this information as basis
for 3D beam profiles. Experimental results are discussed.

stand-alone system was recently tested at a 40 MeV proton
beamline and initial results are shown.

Figure 1: Sketch of the two VELO modules summarising
the design of the R- and φ- type sensor [6].

INTRODUCTION
Cancer is a major societal problem, and it is the main cause
of death between the ages 45-65 years. In the treatment of
cancer, radiotherapy (RT) plays an essential role. RT with
protons and light ions, due to their unique physical and
radiobiological properties, offers several advantages over
photons for specific cancer types.
Proton and light ions deposit most of their energy at the
end of their path in the patient’s tissue. To assure the patient’s
safety as well as the high quality and efficacy of the cancer
treatment, beam energy and energy spread, position and
lateral profile of the beam as well as the beam current have
to be precisely determined and recorded.
The QUASAR Group [1] at the Cockcroft Institute and
University of Liverpool is developing a new stand-alone,
non-invasive beam monitor based on the silicon multi-strip
sensor LHCb VELO detector, developed originally for the
LHCb experiment at CERN [2]. The detector offers the
possibility to measure beam intensity through halo measurements without interfering with the beam core because
of its semi-circular shape with a central aperture. This is
advantageous compared to currently used ionisation chambers which intercept the beam, require daily calibration and
have a slow response time. For the envisaged integration
of VELO into a medical beamline, changes in the original
design were necessary and described in [3] and [4]. The
∗

roland.schnuerer@cockcroft.ac.uk

IMPLEMENTATION OF VELO IN THE 40
MeV PROTON BEAMLINE
The development of the VELO detector into a stand-alone
detector and its features are described in detail in [4]. Originally, the changes were based on the specifications of the
60 MeV proton beamline at the Clatterbridge Cancer Centre
(CCC). First tests however were performed at the MC40
cyclotron beamline of the University of Birmingham. It
provides proton energies from 3 to 38 MeV and currents
ranging from tens of fA to µA. The facility is used for the
irradiation studies of state-of-the-art detector technologies
and isotope production [5]. For a brief overview, the characteristics of the VELO detector and the important adaptations
are summarised in the following.
The LHCb VELO detector is a multi-strip silicon semiconductor detector that tracks vertices in a polar coordinate
system (see sketch in Figure 1) [6]. The active area of the
detector consists of two semi-circular silicon sensors each
equipped with 2048 strip diodes, the R-sensor and the φsensor. The radius of the active area ranges from 8.17 mm
to 42.00 mm. The silicon layer structure is n+ − in − n with
a total thickness of 300 µm.
To avoid over-heating due to the operation in air and to
minimise the noise, an efficient venting and cooling system was designed and successfully implemented. Further-
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RADIATION HARD SENSOR FOR REACTOR APPLICATIONS
R. J. Abrams†, M. A. Cummings, R. P. Johnson, T. J. Roberts,
Muons, Inc., Batavia, Illinois, USA,
D. M. Kaplan, Illinois Institute of Technology, Chicago, Illinois, USA
Abstract
A novel method of measuring temperature of the coolant
inside a reactor core is presented. The method, which is
both standoff and non-invasive, is based on the interaction
between an ultrasonic pulse and a delayed light pulse in the
coolant. In the interaction, the light pulse, which is scattered backward by Brillouin scattering, is frequencyshifted. The frequency shift is dependent on the temperature and other parameters of the coolant. The light pulses
and the ultrasound pulses are generated and detected outside of the core.

INTRODUCTION
Molten salt-cooled reactors and high temperature gascooled reactors are actively being developed for the next

generation of nuclear power. The interiors of the cores of
molten salt reactors and gas-cooled reactors are in excess
of 500 °C, and some of the molten salt coolants are corrosive, and all operate in high neutron fluxes and other radiation from radioactive fission products. This presents a
challenge to develop monitoring instrumentation that will
operate for long times under those conditions. One of the
parameters of importance is the temperature inside the
core, and its distribution throughout the core. The monitoring system described here is non-invasive and standoff,
with no active components inside the core.
Our main intended application is the Mu*STAR accelerator-driven sub-critical, graphite-moderated, molten salt
reactor [1], depicted in Fig. 1.

Figure 1: Mu*STAR reactor system. The reactor core, shown at left, is made of graphite cylinders filled with molten salt
that circulates upward through the cylinders. Measurement of the temperature distribution in the various cylinders is an
intended application of the method presented in this paper.

BASIC CONCEPTS
The theory of the interaction of light and sound is covered in Reference [2]. As shown in Fig. 2 an ultrasonic
___________________________________________

† boba247@muonsinc.com

pulse generator sends a pulse down the column of fluid
whose temperature is to be measured. An appropriate time
later the laser sends an optical pulse down, which intersects
the ultrasonic pulse at the desired depth for the measurement. A fraction of the optical pulse is scattered backward
by the ultrasonic pulse, and propagates upward to the Optical Processing unit.
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KNOWLEDGE EXCHANGE WITHIN THE PARTICLE ACCELERATOR
COMMUNITY VIA CLOUD COMPUTING*
D. L. Bruhwiler†, D. T. Abell, N. M. Cook, C. C. Hall, M. V. Keilman, P. Moeller, R. Nagler, B.
Nash, RadiaSoft LLC, Boulder, USA

Abstract
The development, testing and use of particle accelerator
modeling codes is a core competency of accelerator research laboratories around the world, and likewise for synchrotron radiation and X-ray optics codes at lightsource facilities. Such codes require time and training to learn a
command-line workflow involving multiple input and configuration files, execution on a high-performance server or
cluster, post-processing with specialized software and finally visualization. Such workflows are error prone and
difficult to reproduce. Cloud computing and UI design are
core competencies of RadiaSoft LLC, where the Sirepo
framework is being developed to make state of the art
codes available in the browser of any desktop, laptop or
tablet. We present our initial successes as real world examples of knowledge exchange between industry and the research community. This work is leading to broader
knowledge exchange throughout the community by facilitating education of students and enabling instantaneous
sharing of simulation details between colleagues. Sirepo
design objectives include: seamless integration with legacy
codes, low barrier to entry for new users, configuration
transfer to command-line mode, catalog of provenance to
aid reproducibility, and simplified collaboration through
multimodal sharing. The combination of intuitive browserbased GUIs and Sirepo's server-side application container
technology enables simplified computational archiving
and reproducibility. If embraced by the community, this
could become an important asset for the design, commissioning and future upgrade of particle accelerator and Xray beamline facilities.

SIREPO – A SOFTWARE FRAMEWORK

Sirepo is an open source framework [1] for bringing any
scientific, engineering or educational software to the cloud,
with a GUI that works in any modern browser on any computing device with sufficient screen size, including tablets.
The Sirepo client is built on HTML5 technologies, including the JavaScript libraries Bootstrap [2] and Angular [3].
The D3 library [4, 5] is used for interactive 2D graphics,
while VTK [6] is used for 3D. The Sirepo server is built on
Flask [7], a lightweight framework for web development
with Python.
The scientific codes supported by Sirepo, and all of their
dependencies, are containerized via Docker [8], which is
an open platform for distributed applications. RadiaSoft
has developed open source software [9] and expertise for
____________________________________________
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building, deploying and reliably executing scientific codes
in Docker containers [10, 11]. RadiaSoft docker images are
publicly available [12] as part of the Sirepo ecosystem.

SIREPO – A SCIENTIFIC GATEWAY
RadiaSoft maintains a free scientific gateway for the particle accelerator community [13], which provides a broad
selection of supported codes. The most mature implementations are for SRW (Synchrotron Radiation Workshop)
[14-16] and elegant [17, 18]. SRW is an open source [19]
physical optics code with powerful features for calculating
synchrotron radiation and X-Ray optics, including successful detailed benchmarking against state-of-the-art X-Ray
beamlines [20]. Sirepo/SRW has a growing number of users at synchrotron and free electron laser (FEL) user facilities around the world, including: NSLS-II, LCLS, APS
and ALS in the USA, ELETTRA in Italy, European XFEL
in Germany, ESRF and SOLEIL in France, PSI in Switzerland, Diamond in the UK and LNLS in Brazil.
Just as elegant is one of the most widely used codes in
the world for particle accelerator simulation and design,
Sirepo/elegant has many more users than the other supported accelerator codes, including regular classroom use
at the US Particle Accelerator School (USPAS) [21, 22].
Other well-supported codes provide important capabilities:
Synergia [23, 24] offers 2D and 3D space charge models
and special features for simulating nonlinear integrable optics in the IOTA ring [25, 26], while Zgoubi [27] provides
spin tracking and JSPEC [28, 29] models intrabeam scattering and electron cooling.
There are two Sirepo implementations of the massivelyparallel open source particle-in-cell (PIC) code Warp [3033]. Warp PBA enables use of Warp’s quasi-3D electromagnetic PIC modeling of beam- and laser-driven plasmabased accelerators. Warp VND uses Warp’s electrostatic
PIC capabilities to simulate a wide range of problems, with
near-term emphasis on thermionic converters and other
types of vacuum nanoelectronic devices.

SIREPO ENTERPRISE
A Sirepo gateway can be installed and maintained by any
institution with suitable computer servers and sysadmin
expertise, or with RadiaSoft support. This Sirepo Enterprise approach enables, for example, internal control over
intellectual property protection and user management. To
our knowledge, three institutions have independent Sirepo
gateways for private access to Sirepo/SRW: the National
Synchrotron Light Source (NSLS-II) for the design and
commissioning of X-Ray beamlines and experimental support, the Advanced Light Source (ALS) to simulate X-Ray
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ADVANCED MODELING AND OPTIMIZATION OF THERMIONIC
ENERGY CONVERTERS ∗
J. P. Edelen† , N. M. Cook, C. C. Hall, Y. Hu, RadiaSoft LLC, 80301, Boulder, CO, USA
J.-L. Vay, LBNL, Berkeley, CA, USA

Abstract

Thermionic energy converters (TEC) are a class of thermoelectric devices, which promise improvements to the efficiency and cost of both small- and large-scale electricity
generation. A TEC is comprised of a narrowly-separated
thermionic emitter and an anode. Simple structures are often space-charge limited as operating temperatures produce
currents exceeding the Child-Langmuir limit. We present results from 3D simulations of these devices using the particlein-cell code Warp, developed at Lawrence Berkeley National Lab. We demonstrate improvements to the Warp
code permitting high fidelity simulations of complex device geometries. These improvements include modeling
of non-conformal geometries using mesh refinement and
cut-cells with a dielectric solver, in addition to importing
geometries directly from standard CAD output. In this paper
we showcase some of these new features and demonstrate
their use.

INTRODUCTION

Thermionic energy converters (TECs) operate by using
an external heat source to drive thermionic emission of electrons across a narrow vacuum to be collected on an opposing
conductor. A traditional TEC is comprised of narrowly separated plates; thermionic emission at the cathode releases
electrons which travel to the anode, producing a current
which may generate electrical power [1, 2]. To overcome
space charge limitations an accelerating grid can be used to
boost the amount of current that can be extracted. A magnetic field may be added to constrain electron trajectories
and limit losses on the grid.
Modeling complex devices such as these is challenging;
Warp [3] is a fully 3D particle in cell code capable of handling a wide range of physics problems and is well suited
to modeling TECs. However, the interface to Warp makes
rapid prototyping difficult and many of Warp’s features have
not been tested on problems relevant to TECs. Over the
past two years we have constructed a graphical interface to
Warp deployed in the cloud computing framework Sirepo [4].
This interface allows users to work with the code without
needing to modify underlying Python scripts. Here we detail
a couple of recent improvements to this interface that allow
for the direct import of complicated 3-D CAD geometries
and advanced visualization of impact densities on objects
inside the simulations.
∗
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Additionally we have been testing Warp’s physics engine
on problems of interest for TECs. Specifically self consistent
emission models and shaped emitters in order to accurately
simulate relevant cathode configurations. In this paper we
detail recent efforts to apply mesh refinement for accurate
modeling of shaped emitters and emitter arrays.

INTERFACE IMPROVEMENTS FOR
WARP
New CAD Interface
We have developed a Python CAD module capable of handling arbitrary geometries in our open-source framework.
This new CAD module takes advantage of the open-source
Python library PyMesh1 to prototype the creation, manipulation, and I/O of 3D mesh configurations defined in a
CAD export file. PyMesh supports parsing the following
formats: .obj, .ply, .off, .stl, .mesh, .node, .poly and .msh.
Two efficient and robust ray-mesh intersection finding algorithms have been implemented in the new CAD module. The
ray-mesh intersection finding routine is needed by Warp to
solve the Poisson’s equation. It is also necessary to evaluate
particle-grid interaction with high accuracy.

Figure 1: Geometry of the honeycomb grid as generated by
comsol.
Our implementation has been tested using grids with complex geometries generated using the COMSOL Multiphysics
application. Figure 1 shows the representation of a grid
with honeycomb geometry defined in an STL format. This
modified CAD module can import STL files, compute surfaces and intercepts with Warp’s underlying solver mesh,
and pass the resulting information to Warp’s solver and particle scraper. Figure 2 shows the total electric field for a
transverse cross-section of the honeycomb grid obtained
from Warp’s multi grid Poisson’s solver.
1

https://github.com/PyMesh/PyMesh
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Mu*STAR: A MODULAR ACCELERATOR-DRIVEN SUBCRITICAL
REACTOR DESIGN
Rolland P. Johnson†, Robert Abrams, Mary Anne Clare Cummings, J. D. Lobo, Milorad Popovic,
Thomas J. Roberts, Muons, Inc., Batavia, IL, USA
Abstract
Mu*STAR is an accelerator-driven molten-salt subcritical reactor based on recent superconducting RF technological breakthroughs that allow a highly efficient and
powerful proton accelerator to drive a spallation target
inside a graphite-moderated, thermal-spectrum reactor.
The additional spallation neutrons can be used to overcome the absorption of neutrons by fission products to
allow a deeper burn than is possible with critical reactor
designs. Simulations have shown that as much as seven
times the energy that was extracted from used fuel from
light water reactors can be produced by this method before the accelerator demands significant power from the
reactor. Once the fuel rods have been converted from
oxide ceramics to fluoride salts, in a process that is proliferation resistant (not chemical reprocessing), the fuel can
be burned for centuries without increasing its volume
while reducing its radio-toxicity. Our 2017 GAIN voucher grant supported studies by ORNL, SRNL, and INL to
design and cost a Fuel Processing Plant to convert used
nuclear fuel into the molten-salt fuel for Mu*STAR.
Based on those studies, it seems possible to build
Mu*STAR systems on existing sites where used fuel is
stored, convert it to fluoride salts, and use it to provide
affordable carbon-free electricity for centuries.

INTRODUCTION
It is well-known that less than 6% of the uranium in
fuel rods has been converted to energy when they are
removed at the end of their useful life from light water
reactors (LWR). To get more energy out of the fuel, the
normal procedure is to chemically reprocess the fuel rods
to eliminate the fission products and reform the rods with
the recovered unburned uranium, which implies another
round in a LWR to extract another 6% of the energy. This
process involves handling radioactive materials and the
second 6% is more expensive than digging up more uranium, enriching it, and making new fuel rods. This latter
“once-through” is the preferred method for utility operators for this reason and because the US government
agreed to be responsible for the used fuel. This has
turned out to be a large problem because it has proven
impossible to find a politically acceptable repository for
the used fuel.
The Mu*STAR Accelerator-Driven System includes a
500 MWthermal subcritical, graphite-moderated, thermalspectrum, molten-salt fueled, reactor design that was
described in the Handbook of Nuclear Engineering in
2010 [1]. The reactor parameters are larger by a factor of
4 in linear dimension than the ORNL 8 MWt Molten Salt

Reactor Experiment (MSRE) [2] of the late 1960s. The
reactor operates subcritically, with additional neutrons
generated by an internal spallation target that is driven by
a superconducting RF (SRF) linear proton accelerator,
similar to that in the ORNL Spallation Neutron Source
(SNS). Unlike the SNS, the target is not subjected to
shock from the beam, which in Mu*STAR is moved to
different positions, i.e. “rastered” over the face of a solid
uranium target that is cooled by molten salt fuel.
Simulations described in the Handbook article [1]
indicated that used nuclear fuel (UNF) from light water
reactors (LWR) could be burned such that in five passes
of 40 years each, about 7 times as much energy could be
produced from the fuel as was generated by the LWR.
Once the oxide-based fuel rods are converted to molten
fluoride fuel, no further processing of the fuel is needed
since the neutron absorption by the accumulated products
can be overcome by increasing the beam power for each
successive 40-year pass.
In 2017, Muons, Inc. was awarded a GAIN voucher
award with ORNL, INL, and SRNL to design and cost a
facility to convert LWR UNF into molten salt (MS) fluoride fuel suitable for use in Mu*STAR. The results of the
study are contained in an ORNL technical report [3]. The
major cost of the facility is the hot cell that is necessary to
allow the solid fuel assemblies to be opened and converted to fluorides. A possible cost savings is to use the same
hot cell for the fuel conversion as is used for the fractional
distillation method described below that treats the helium
purge gas that flows over the Mu*STAR core to remove
unwanted or valuable volatile isotopes. Such a facility
may be relatively small and inexpensive enough to consider building one at each of the existing reactor sites in
the US and abroad wherever UNF is stored.

CONCEPTS AND INNOVATIONS

Our concept is to install Mu*STAR accelerator-driven
subcritical systems at existing light-water reactor (LWR)
sites, transform the LWR used nuclear fuel (UNF) using
on-site technology developed under our GAIN award into
molten salt fuel, and to burn it to produce electricity for at
least 200 years. The additional neutron flux provided by
the accelerator permits a much deeper burn such that
several times more energy can be produced from the UNF
than was generated by the LWR. The limit is reached
when the accelerator cannot economically overcome the
neutron absorption by fission products. This innovative
and disruptive concept eliminates the need for uranium
mining, fuel enrichment, fuel rod manufacture, UNF offsite storage and transport, and encourages local communities to consider consent-based storage of UNF combined
___________________________________________
with continued operation of their power utility using
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SEQUENTIAL EXCITATION SCHEME FOR LASER STRIPPING OF
HYDROGEN ION BEAMS*
Y. Liu†, A. Aleksandrov, S. Cousineau, T. Gorlov, A. Rakhman
Spallation Neutron Source, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Abstract

A novel laser stripping scheme based on sequential excitation is proposed for foil-less charge-exchange injection
of hydrogen ion (H-) beams. Our analysis indicates that the
new scheme can save the laser power by an order of magnitude for certain particle beam energies. An application to
1.3-GeV hydrogen ion beams is described.

we investigate the efficiency of resonant excitations by using a quantity defined as “effective cross-section”. The results indicate that the required laser power in sequential excitation scheme can be lowered by nearly an order of magnitude compared to the single-step excitation for a certain
range of the hydrogen beam energy. An application of the
proposed scheme to the laser stripping of 1.3-GeV Hbeams will be described.

INTRODUCTION

Three-step laser stripping has been investigated as an important “foil-less” method to realize H- beam charge-exchange injection in high-intensity proton synchrotrons or
accumulator rings [1,2]. Among the three steps, the first
and third rely on Lorentz stripping while the second step
uses a laser to excite hydrogen atoms. In the laser stripping
experiments demonstrated at SNS [3,4], an ultra-violet
(UV) laser was used to excite 1-GeV hydrogen beams from
the 1s state to the 3p state. In the three-step laser stripping
scheme, laser power is the primary limiting factor in
achieving high stripping efficiency.

CROSS-SECTION ANALYSIS
In the three-step laser stripping scheme, excitation of H0
atoms is realized through an undamped Rabi oscillation
[1,2]. To obtain the highest population in the excited state,
a sufficiently high Rabi frequency 𝜔 must be achieved,
i.e., 𝜔 ≫ ∆𝜔 where a is the atomic linewidth of the
transition. It is known from [2] that the value of 𝜔 directly
determines the efficiency of the resonant excitation. As the
Rabi frequency is related with the induced transition rate
∆𝜔 , we de𝐴 and a by a simple form 𝜔 ≡ 𝐴
rive an “effective cross-section” expression for laser stripping by using the relationship between the induced transition rate and the stripping laser intensity. The cross-section
value will be used to evaluate the efficiency of resonant
excitations between different energy states.

Cross-sections in Laser Stripping
Interaction of atomic system and electromagnetic (EM)
field has been thoroughly studied using the induced transition rate and its dependence on EM field intensity. In the
presence of EM field (from the laser) whose energy density
is distributed uniformly in frequency in vicinity of the transition frequency from one state to another, an atom can undergo a transition between the two states. For an assembly
of fully aligned atoms, the induced transition rate 𝐴 by an
optimally polarized field is described by [5]
Figure 1: Diagram of sequential resonant excitation.

Here we propose a sequential resonant excitation scheme
for laser stripping by using two laser beams to excite hydrogen atoms in a sequence of two steps: from the 1s state
to the 2p state and from the 2p state to a higher energy state
such as 3d, 4d, etc. Figure 1 shows the diagram of one example where the first laser beam (1) excites the electron
from the 1s state to the 2p state while the second laser beam
(2) excites the electron from the 2p state to the 3d state.
Note that the two laser beams can have the same wavelength with different interaction angles. In the following,
____________________________________________
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𝐴

=

ħ∆

|𝐸|

(1)

where 𝐴 is the spontaneous emission rate, 𝜖 is the dielectric permeability,  is the transition wavelength, E is the
electric field amplitude, and ħ is the Planck constant. For
randomly aligned atoms, the constant 3 in the numerator in
Eq. (1) will be replaced by 1. The term 𝜖|𝐸| in Eq. (1)
represents the laser energy density and is related to the photon density by 𝜖|𝐸| = ħ𝜔𝑛 , where 𝑛 , is the photon
density near the transition frequency  =2c/ and c is the
light speed.
In the case of laser stripping, the H- energy spread causes
a spread of resonant frequencies ∆𝜔 which is usually
much larger than the transition linewidth a. Using the
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PROGRESS ON THE OPTICS MODELING OF BMI’S ION
RAPID-CYCLING MEDICAL SYNCHROTRON AT BNL∗
François Méot† , Piyush Nanubhai Joshi, Nicholaos Tsoupas, BNL, Upton, NY, USA
Joseph Paul Lidestri, Best Medical International, Springﬁeld, VA, USA

Optics studies are performed in support to the DC and AC
magnetic ﬁeld measurements, at BNL, on BMI’s Ion RapidCycling Medical Synchrotron 60 degree 5-dipole girder.

INTRODUCTION

βx (m), βy (m)

BMI’s iRCMS is a racetrack ion ring with top rigidity in
the 6+ T.m range, aimed at the acceleration of carbon and
other ion beams for hadrontherapy (Fig. 1). DC magnetic
ﬁeld measurements have been performed recently, at BNL,
on a prototype of the 60◦ 5-dipole sector, Fig. 2 (the 180◦
arc is comprised of 3 sectors, spaced 114.5 m). AC (15 Hz)
ﬁeld measurements are in preparation [1].

It can be seen in Fig. 2 that the 5 combined function dipoles have a common geometrical wedge center,
R=508.022 cm from an arc going through the geometrical
center of the wedge dipoles (much in the manner of FFAG
rings, where the wedge magnets have their center at the
center of the ring). This has two consequences:
(i) the 5 dipoles are ≈8 cm distant from one another over
the 60◦ sector (the ﬁlling factor, magnetic length/arc
length is less than 1), so that the reference orbit can
not be at constant radius, it scallops around the reference R=508.022 cm. Note: in the following, “reference orbit” stands for the periodic orbit that undergoes
60◦ deviation across the sector and goes in and out at
R=508.022 cm normal to the outer face of the BDH
dipole.
(ii) the magnet faces are at a 7◦ angle to one another, which
means non-zero entrance and exit wedge angles,

Figure 1: iRCMS ion ring.
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Figure 3: Optical functions in iRCMS half-ring, in the
MADX model. These quantities are taken as the design
goals, in particular the 180◦ arc is an achromat.

PARAXIAL OPTICS
Figure 2: Geometry of the iRCMS BDH-BF-BD-BF-BDH
60◦ sector OPERA ﬁeld map, with angular extent Δθ F M . A
reference arc is deﬁned at R = 508.022 cm. δF = (Δθ F M −
60)/2 degree is an additional (entrance and exit) extent that
accounts for BDH ﬁeld fall-oﬀs. δE = −δS (= −δF ) are
the angles that the reference orbit makes with the sector at
respectively entrance into and exit from the ﬁeld map.
∗
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A simpliﬁed design model of the sector had been developed as a reference in the MADX code [2] and will be recalled. On the other hand, two diﬀerent OPERA ﬁeld maps
of the 60◦ sector are available and have been used recently
to derive the optical properties and characterize the optics
of the ring based on realist geometry and magnetic ﬁeld
of the sector. However, optics parameters are found out of
speciﬁcations in latest ﬁeld map which is derived from the
STEP ﬁle thus corresponding to the sector as fabricated,
and this is conﬁrmed by the magnetic measurements [1].
Finally, a realist model in a cylindrical coordinates system
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DEVELOPMENT OF ASTATINE-211 PRODUCTION IN THE CROCKER
NUCLEAR LABORATORY CYCLOTRON
E. J. Prebys∗ , W. H. Casey, D. A. Cebra, UC Davis, Davis, CA, USA
R. J Abergel, UC Berkeley and LBNL, Berkeley, CA, USA

Abstract
There is a great deal of interest in the medical community in the use of the alpha-emitter 211 At as a therapeutic
isotope. Among other things, its 7.2 hour half life is long
enough to allow for recovery and labeling, but short enough
to avoid long term activity in patients. Unfortunately, the
only practical technique for its production is to bombard a
209 Bi target with a 29 MeV alpha beam, so it is not accessible to commercial isotope production facilities, which all use
fixed energy proton beams. The US Department of Energy
is therefore supporting the development of a ”University Isotope Network” (UIN) to satisfy this need. Our prposoal is
to retrofit the variable-energy, multi-species cyclotron at the
Crocker Nuclear Laboratory at the University of California
Davis with an internal 209 Bi, such that we can put at least
100 𝜇A of 29 MeV alpha particles on target without concerns about extraction efficiency. Using very conservative
assumptions, we are confident we will be able to produce
60 mCi of 211 At in solution in an eight hour shift, which
includes setup, exposure, and chemical recovery. This poster
will cover the design of the target, as well as the required
chemical processing and reliability upgrades.

EXPERIMENTAL TECHNIQUE
An excellent overview of 211 At production can be found in
reference [2]. Its production cross section is a strong function
of the energy of the 𝛼 beam incident on the 209 Bi; however,
care must also be taken to avoid the the production of 210 At,
because that decays to 210 Po, which poses a serious health
risk. The production rates for both are shown in Figure 1 [3].
We see that while the production rate for 211 At peaks at
about 31 MeV, that is above the turn-on threshold for 210 At,
so we will plan to use a beam of about 28-29 MeV, a point
at which production is still significant.

INTRODUCTION

Radionuclides are an important component of medical
diagnosis and therapy. Broadly speaking, they fall into two
categories: positron (𝛽+ ) emitters to be used for PET scans
and 𝛼 or 𝛽 emitters to be used for treatment. 𝛼 emitters
are particularly attractive for treatment, because all of the
energy is deposited in close proximity to the update site. In
this context, there has recently been a great deal of interest
in 211 At as a therapeutic 𝛼-emitter. Unfortunately, sources
of 211 At are limited, because the only practical method that
has been demonstrated for production is to bombard a 209 Bi
target with 𝛼 particles of roughly 29 MeV kinetic energy to
produce 211 At through the reaction
209 Bi(, 2n)211 At

Most medical isotope production facilities rely on either
nuclear reactors or proton accelerators, with low energy
(10-40 MeV) proton cyclotrons being the most common
commercial production tool. Such cyclotrons are designed
to accelerate only protons to a fixed energy, as designing
them for variable energy and/or multiple species acceleration
would increase the cost and complexity, threatening their
commercial viability. Thus, they are unable to produce the
𝛼 beam necessary to create 211 At.
∗

We are proposing the development of the capability to produce 211 At at the Crocker Nuclear Laboratory cyclotron at
the University of California Davis [1]. This is a research cyclotron built in the mid-1960s, which can accelerate protons,
deuterons, helions (3𝐻𝑒++ ), or alpha particles to variable
energies, with a maximum energy of 67 MeV for protons.
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Figure 1: Production cross-section as a function of beam
energy for (a) 209 Bi(𝛼,2n)211 At and (b) 209 Bi(𝛼,3n)210 At.
(Cyclotron Produced Radionuclides: Physical Characteristics and Production Methods, Technical Reports Series
Number 468, International Atomic Energy Agency: Vienna,
2009, pp. 33-40 with permission from the IAEA)
UC Davis is uniquely positioned to provide such a service.
The Crocker Nuclear Cyclotron has been used to produce
isotopes in the the past [4], and has demonstrated the currents required. Figure 2 shows the layout of the cyclotron.
Extracted beam goes through a switch magnet, where it can
be directed to one of 7 beam lines. Three of these are internal to the cyclotron vault and four go to three external caves,
as shown in. The external lines are limited to 100 nA for
radiation safety reasons, while currents can go to at least
100 𝜇A inside the vault.
Historically, isotopes were produced in “line 0”, as indicated in the figure; however, while high currents have been
demonstrated in the cyclotron, the efficiency of extraction is
rather low, particularly for 𝛼 particles, for which it can be as
low as 15%. Therefore, to achieve the maximum 𝛼 flux on
target and to minimize the unwanted loss and activation in
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RECENT PROGRESS IN R&D FOR IONETIX ION-12SC SUPERCONDUCTING CYCLOTRON FOR PRODUCTION OF MEDICAL ISOTOPES
X. Wu†, D. Alt, G. Blosser, G. Horner, J. Paquette, N. Usher, and J. Vincent, Ionetix Corporation,
Lansing, Michigan, USA
Z. Neville, Disher Corporation, Zeeland, Michigan, USA

Abstract

The Ion-12SC is a sub-compact, 12.5 MeV proton superconducting isochronous cyclotron for commercial medical
isotope production recently developed at Ionetix Corporation [1]. The machine features a patented cold steel and
cryogen-free conduction cooling magnet, a low power internal cold-cathode PIG ion source, and an internal liquid
target [2]. It was initially designed to produce N-13 ammonia for dose on-demand cardiology applications but can
also be used to produce F-18, Ga-68 and other medical isotopes widely used in Positron Emission Tomography
(PET). The 1st engineering prototype was completed and
commissioned in September 2015, and four additional
units have been completed since [3]. The first two units
have been installed and operated at the University of Michigan and MIT. R&D efforts in physics and engineering
have continued to improve machine performance, stability
and reliability. These improvements include: 1) Water
cooling added to the dummy dee to limit the operating temperature of the ion source to improve lifetime and performance, 2) Magnetic field maps, obtained with a Hall probe
based mapper, were used to accurately measure the isochronism and provide information needed to compensate for
any unwanted 1st harmonics and 3) Feedback based control
methods applied to regulate the beam intensity on target by
adjusting the ion source cathode current. The C1 unit installed at the University of Michigan Medical School early
this year treated ~100 patients/month with N-13 ammonia.
The machines are now capable of routinely producing > 21
doses/day with > 99% availability. The Ionetix manufacturing facility is capable of producing up to 30 machines
per year.

INTRODUCTION

R&D for the Ion-12SC superconducting cyclotron
started in 2013 with the design goal to produce N-13 ammonia dose on-demand for cardiology applications. The
beta engineering unit (T1) was installed at the University
of Michigan Medical School in January 2016 to produce
N-13 ammonia doses for patients. The beta unit was then
replaced with the newest production unit (C1) for routine
reliable production. C1, as shown in Figure 1, has now
been moved to an Ionetix Isotope production facility in
Sarasota, Fl.
Table 1 shows the main parameters of the Ion-12SC superconducting cyclotron. The superconducting magnet features a conduction-cooled, cryogen-free design cooled by
___________________________________________
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Figure 1: Ion-12SC unit C1 at the University of Michigan
Medical School.
a single PT-415 pulse tube cryo-cooler. It requires approximately two hours to evacuate the cryo-vessel to below 10
mTorr followed by approximately ten days to fully cool it
to operating values. The magnet is normally left continuously charged in persistence mode and requires approximately five hours to charge and 3 hours to discharge. The
cold steel design simplifies the magnet design while also
eliminating tune drift due to yoke and pole steel temperature variation.
The experience obtained from operating multiple Ion12SC units since 2016 has led to recent R&D efforts at Ionetix to improve the machine performance, stability and
reliability, which will be discussed in the following sections of this paper.
Table 1: Ion-12SC Main Parameters
Parameter
Accelerated Ion
Final Energy
Nominal Beam Intensity
Magnet Type

Value
Proton
12.5 MeV
10 A
Superconducting,
Cold-Steel
Internal, PIG
Internal, Liquid

Injection Type
Target Type
Central Magnetic Field
Installed Cyclotron Weight
Cyclotron Diameter
Cyclotron Height

4.5 Tesla
~ 2.3 tons
884 mm
1955 mm
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TUNING QUADRUPOLES FOR BRIGHTER AND SHARPER ULTRA-FAST
ELECTRON DIFFRACTION IMAGING*
X. Yang†, L. Yu, V. Smaluk, G. Wang, Y. Hidaka, T. Shaftan, L. Doom, D. Padrazo, J. Li, Y. Zhu,
M. Fedurin, Brookhaven National Laboratory, Upton, New York, USA
W. Wan, ShanghaiTech University, Shanghai, China
Abstract
We report our proof-of-principle design and experimental commissioning of broadly tunable and low-cost
transverse focusing lens system for MeV-energy electron
beams at the ultra-fast electron diffraction (UED) beamline
of the Accelerator Test Facility II of BNL. We experimentally demonstrate the independent control over the size and
divergence of the electron beam at the sample via tunable
quadrupoles. By applying online optimization, we achieve
minimum beam sizes 75 μm from 1 to 13 pC, two orders
of magnitude higher charge density than previously
achieved using conventional solenoid technique. Finally,
we experimentally demonstrate Bragg-diffraction image
(BDI) with significant improvement up to 3 times brighter
and 2 times sharper BDI peaks via the optimized quadrupoles, improvement larger with higher charge. The result
could be crucial for the future single-shot ultra-fast electron microscope development.

INTRODUCTION
Ultra-fast electron diffraction facilities delivering up to
0.8·108 electrons (13 pC) in a single-shot-mode with the
electron energy of 3.3 MeV and the temporal resolution of
100 fs to 1 ps [1-8] are providing unique opportunities of
simultaneous high temporal and spatial resolution for studies of many processes in physics, chemistry and biology.
Among these, resolving the structure of proteins that cannot be crystallized represents one of the most challenging
tasks [9]. By employing an accelerator-based radio-frequency (RF) photoinjector as the MeV electron source for
the time-resolved electron diffraction, UED takes advantage of strong interaction of electrons with matter and
minimizes space charge problems. Due to the almost 1000fold shorter wavelength of electrons compared to X-rays,
UED can resolve much finer structural details enabling us
to see how atoms in molecules move and make molecular
movies of ultrafast chemical reactions. Therefore, putting
both XFEL and UED together will provide a more complete picture in ground breaking studies of all kinds of complex dynamic processes in nature [10].
There are many technical challenges which must be
overcome before mega-electron-volt UED can be turned
into a significant tool in ultrafast science and technology.
Most importantly, a much brighter electron source is required than what is currently available. Conventional
round magnetic lenses for MeV-energy electron beams are
inherently bulky and expensive due to their focusing power
___________________________________________
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being inversely proportional to the momentum squared
[11], preventing them from broad use in scientific community. Quadrupoles are known to have very strong focusing
capability, especially for high-energy electron beams due
to their focusing strength being inversely proportional to
the momentum [12]. A multiplet of quadrupoles, including
quadruplet and quintuplet, can form a lens with more desirable properties. In this article, we report our proof-ofprinciple design and experimental commissioning of
broadly tunable and low-cost transverse focusing lens system for MeV-energy electron beams. Such a system based
on quadrupole multiplets has been built as a part of the existing instrument for UED experiments at ATF-II, BNL. It
has been successfully commissioned with the capability of
generating 3.3 MeV electron bunches with 13 pC charge
and 1 ps bunch length with the focused beam size 75 μm
[1-3]. Transverse beam sizes can be kept constant 75 μm
from 1 pC to 13 pC via Robust Conjugate Directional
Search (RCDS) online optimization [13].
We only focused on improving the intensity and resolution of the diffraction peaks via optimizing the quadrupoles
in the configuration where the sample was placed upstream
of the quadrupoles. The solenoid was used to focus the
electron beam on the sample, and the quadrupoles were applied to focus the diffraction image on the detector. This is
a kind of proof-of-principle experiment leading to the future ultrafast electron imaging upgrade. Instead of imaging
the sample in real space via quadrupole lenses, we focused
on providing brighter and sharper diffraction image on the
detector using existing quadrupoles.
We have achieved significant improvements in the
brightness and sharpness of Bragg-diffraction peaks. Furthermore, it was demonstrated that a single quadrupole fed
by a bi-polar power supply can compensate environmental
perturbations, such as the remnant magnetic field, x-y
asymmetry of the laser spot on cathode, and the misaligned
beam trajectory, etc., to achieve the best controllable azimuthal symmetry of diffraction images.

EXPERIMENTAL RESULTS
Beam Based Alignment
Standard beam-based alignment (BBA) technique was
applied to determine the relative position of the quadrupole
magnetic field center with respect to the nearest beam position monitor, which is a YAG screen. The beam trajectory
(blue squares in Fig. 1(a)) relative to quadrupole centers in
the vertical direction fits well with a quadratic relation
(black curve in Fig. 1(a)). This orbit deviation was caused
by the earth magnetic field. After increasing the maximum
current of corrector magnet power supplies from 0.1 A to
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SUPERCONDUCTING DIPOLE DESIGN FOR A PROTON COMPUTED
TOMOGRAPHY GANTRY
E. Oponowicz∗ , H. L. Owen
University of Manchester/Cockcroft Institute, Manchester, United Kingdom

Abstract

Proton computed tomography aims to increase the accuracy of proton treatment planning by directly measuring
proton stopping power. This imaging technique requires a
proton beam of 330 MeV incident kinetic energy for adult patients. Employing superconducting technology in the beam
delivery system allows it to be of comparable size to a conventional proton therapy gantry. A superconducting bending
magnet design for a proton computed tomography gantry
is proposed in this paper. The 30 deg, 3.9 T canted-cosinetheta dipole wound with NbTi wires is used to steer 330 MeV
protons in an isocentric beam delivery system which rotates
around the patient. Two methods of magnetic field shielding are compared in the context of proton therapy facility
requirements; traditional passive shielding with an iron yoke
placed around the magnet and an active shielding option
utilising extra layers of the superconducting coil.

INTRODUCTION

The main goal of employing superconductivity (SC) in
particle therapy gantry design is the reduction of overall size
and mass. In carbon-ion systems where the beam rigidity to
be transported can be as much as 6.6 Tm, significant reductions in size and mass are obtained from using SC magnets;
however for proton therapy up to 250 MeV (around 2.4 Tm)
the gantry size reduction is limited by such things as maintaining a minimum nozzle length, so that SC magnets have
limited benefits. Gantries capable of transporting protons up
to 350 MeV for computed tomography (2.9 Tm) may benefit
from SC fields, and we show here a design of such a gantry
suitable for retrofitting to a 250 MeV normal-conducting
treatment room. Several groups have developed realistic
designs of dipoles with sufficient aperture for beam scanning at fields above 3 T. Our present design examines the
use of canted-cosine-theta (CCT) dipoles to be used in a for
a proton computed tomography gantry [1]; an NbTi-based
CCT dipole delivering up to 4.6 T bore field was tested
at LBNL [2] and a Toshiba-manufactured superconducting
gantry for carbon ion therapy has been in operation at NIRS
since 2017 using 2.8 T dipoles [3].

CANTED COSINE THETA

A canted-cosine-theta magnet consists of a pair of concentric, nested conductor coils oppositely skewed such that
the solenoidal field is cancelled and the transverse field components sum. In recent years several groups have shown
interest in this concept; such magnets have been designed
∗
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for such applications as ion therapy [4, 5] and high energy
physics [6]. CCT magnets offer good field quality suppression of the higher harmonics, and may be constructed to
deliver dipole, quadrupole and higher-order fields by superposition of appropriately-wound coils. As each conductor
is located in a separate channel, the Lorentz forces are intercepted by the ribs and the spar. Because the forces are
not accumulated, little or no pre-stress is required. In our
downstream-scanning gantry optics design [1] we have determined dipole requirements as given in Table 1.
Table 1: Superconducting Dipole Requirements for 350 MeV
Gantry (with spot scanning downstream of the final
dipole [1])
Parameter

Value

Magnetic length
Bending angle
Integrated field
Clear bore radius

0.52 m
30 deg
1.46 Tm
33 mm

The obtained efficiency of a CCT magnet is limited because of the non-zero rib thickness at the midplane [4] and as
a result of the cancelling solenoidal components. Although
more conductor is required for a CCT when compared with
a conventional magnet of the same field, the overall cost is
approximately 20% less expensive [7] due to much lower
total number of components required [2].
CCT magnets conventionally employ an iron yoke that
provides good passive shielding; however, active shielding
might also be used. An actively-shielded magnet replaces the
iron yoke with additional CCT dipole windings surrounding
the main coils, but with opposite polarity to the main coils to
cancel the stray fields. Removing the iron yoke eliminates its
contribution to the magnet mass, particularly the cold mass
if a cold yoke is used. An active-shielded magnet may also
be more reliably modelled as the fields are only determined
by the Biot-Savart contributions.

CCT DIPOLE DESIGN
General Assumptions
In this work a NbTi strand was assumed of 0.825 mm
diameter and non-Cu/Cu ratio of 0.51; the operating current
and number of strands were chosen such that the operating
point of the magnet stay below 80% of the superconductor
load line. The skew angle of the main coils was optimised
for the required total length of the magnet. The chosen
midplane rib thickness was the minimum value possible to
withstand forces created in the strand winding process. In the
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DESIGN OF LhARA - LASER HYBRID ACCELERATOR FOR
RADIOBIOLOGICAL APPLICATIONS
C. Hunt, O. Ettlinger, A. Kurup, H. T. Lau, K. Long, Z. Najmudin, Imperial College London,
London, UK
†
J. Pasternak , J. Pozimski, Imperial College London, London, UK
also at STFC/RAL, Didcot, UK

Abstract
Recent developments of using lasers interacting with targets for the creation of ion beams offer a possibility to provide beams for radiobiology research. This research aims
to precisely study the radiobiological effectiveness of
charged particles on various cultures of cells, which is essential to inform next generation hadron therapy treatment
plans. The Laser hybrid Accelerator for Radiobiological
Applications (LhARA) has been proposed to use a laser
driven beam, which will be captured and focused using Gabor Lenses. The beam will be then energy and momentum
selected to create a beam for in-vitro cells studies or sent
to a post-accelerator ring to create beam for in-vivo studies.
The optical design of LhARA is presented in this paper.

INTRODUCTION

Cancer is a major cause of death worldwide with a growing number of new cases each year. Its incidence rate is
predicted to increase to 27.5 million new cases per year by
2040 [1]. Radiotherapy remains an important treatment option and may need to address the needs of low-income
countries in the near future. The majority of the radiotherapy being delivered nowadays is based on X-rays, which,
although well understood, still have some drawbacks. In
particular, the dose delivery to sensitive organs in close
proximity to tumours is an issue as the X-ray dose deposited decreases exponentially.
Hadrontherapy is able to address these issues by providing a very different dose distribution due to the Bragg peak,
which means the dose is rapidly terminated beyond the tumour. However the radiobiological effectiveness of hadron
beams remains to be fully characterised. Current treatment
planning using proton beams assumes that the relative biological eﬀectiveness (RBE) is 1.1 [2]. This is an average
value, in fact RBE varies with several physical and biological parameters such as dose, dose rate, linear energy transfer and biological endpoint. A number of other studies have
also shown there can be signiﬁcant variation in the RBE,
see [3], [4] and [5]. A detailed systematic study of the RBE
for protons and especially heavier ions, under diﬀerent
physical conditions, with different tissue types would provide important information on RBE variation and could enable improved treatment planning protocols in hadrontherapy centres improving the prognosis for patients.
This motivates the need for a program of experiments
dedicated to the study of radiobiology using a wide spectrum of ion species and beam conditions. Although such a
program could, in principle, be realised in existing therapy

facilities, in practice it is rather difficult as their primary
goal is the delivery of treatment. In addition, there are several technical difficulties related with switching between
ion types and dose profiles, when executed in conventional
accelerator systems. Recent advances in using laser-driven
particle beams open an interesting possibility to apply them
to perform radiobiological experiments [6, 7, 8]
The Laser hybrid Accelerator for Radiobiological Applications (LhARA) was proposed within the Centre for the
Clinical Application of Particles (CCAP) at Imperial College London [9] as a facility dedicated to the systematic
study of radiobiology. The CCAP is composed of clinical
oncologists, medical physicists, accelerator and instrumentation scientists, and radiobiologists. The goal of LhARA
is to prove the principal of certain novel technologies for
future therapy facilities by developing a proton and lightion radiobiology facility for in-vitro and in-vivo studies.
This paper describes the principles of the LhARA design.

RADIOBIOLOGICAL FACILITY
In Stage 1, LhARA aims to deliver proton beams to the
radiobiological end station in the 12-15MeV energy range
over a wide range of dose. In Stage 2, a Fixed Field Alternating gradient (FFA) ring will be used to boost the energies of proton and ion beams to serve in-vitro experiments
using ion beams and in-vivo experiments using proton
beams.
The laser driven ions are typically produced over a wide
energy range and with a large divergence. A high intensity
laser pulse is ﬁred at a thin target at an angle of 45± which
causes an ion beam to be generated from the contaminants
on the back surface of the target [10]. In order to make an
efficient use of such a beam a dedicated capture system
with a large acceptance and an energy-selection system is
needed.

Gabor Lenses for Capture and Focusing
Gabor lenses [11] are proposed to be used in LhARA to
provide the very strong focusing needed with a compact
footprint and a low cost. Gabor-lens focusing exploits a
conﬁned electron plasma to produce an electro-static ﬁeld
which can focus positively charge ions. A prototype Gabor
lens, shown in Figure 1 was fabricated at Imperial College
and is under test.
The focusing strength of a Gabor lens, k, can be calculated using the following equation:
𝑘=

g
g

[𝑚-2],

(1)

___________________________________________
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Abstract

the action of an electric field Ez

This work presents a study about a passive plasma dumping scheme applied to the beam generated by the accelerator
stage of the EuPRAXIA experiment. Particle-in-cell simulations have been carried out and its results are compared
with analytical estimates, showing a reasonable agreement.

INTRODUCTION
The advent of the laser-plasma accelerator technique [1]
has allowed the construction of more compact machines that
produces more energetic beams for the most diverse applications. The wakefield produced by an intense laser in an
underdense plasma is strong enough to accelerate particles
to GeV energies in a few centimeters. Besides of being used
to accelerate particles, the wakefield generated by the laser
(active system), or evenly by the beam itself (passive system),
can be used to dump the highly energetic beam to energies
that could be safely discarded [2].
The purpose of the present work is to study a passive
scheme for dumping the electron beam of the EuPRAXIA
experiment. The beam output by the accelerator stage of EuPRAXIA has the following characteristics [3]: Q=30 pC of
total charge, electrons with uniform energy ek =5 GeV, beam
size of σr =1.4 µm, and beam length of σz =σξ =2 µm. These
quantities will be used in the following sections for both
the analytical calculations and the Particle-in-Cell (PIC) numerical simulations. Both analytical and numerical calculations have been carried out for a 1D system, which produces
reasonable results while the beam density remains almost
invariant.

d
(γmv) = −qe Ez ,
dt

(1)

p
in which γ = 1/ 1 − β2 is the Lorentz factor, β = v/c is the
relativistic factor, m is the electron mass, qe is the electron
charge, v its one-dimensional velocity, and c the speed of
light. Introducing a new variable, the propagated distance
s = ct, the Eq. (1) right above becomes
d
qe
(γv) = − Ez .
ds
mc

(2)

The Eq. (2) can be readily integrated along the propagated
distance s. Proceeding in this way, considering also that the
wakefield Ez is invariant along s
γv = γ0 v0 −

qe
Ez s,
mc

(3)

in which γ0 v0 = γ(s = 0)v(s = 0).Through algebra over the
Lorentz factor
q
γv = c γ 2 − 1.
(4)
By inserting the Eq. (4) in the Eq. (3) one has that
q
q
qe
γ 2 − 1 = γ02 − 1 −
Ez s.
mc2

(5)

Since the particle is highly relativistic, then γ >> 1 and Eq.
(5) can be approximated as
γ ≈ γ0 −

qe
Ez s,
mc2

(6)

being the relativistic particle kinetic energy ek [4]

ANALYTICAL MODEL
A charged beam propagating in a plasma channel produces a wakefield Ez . Since the charged beam has finite
dimensions, the wakefield Ez produced by its propagation
will interact with its own particles, realizing work over these
particles, and then decreasing its kinetic energy if proper
conditions are assured.
A simple model to describe this kinetic energy loss process along the plasma channel can be developed considering
initially the dynamics of an individual particle and further
extending the result for the whole beam. From the Newton
second law in one dimension, for a relativistic electron under
∗

roger.pizzato@ufrgs.br

MC3: Novel Particle Sources and Acceleration Techniques
A22 Plasma Wakefield Acceleration

ek = (γ − 1)mc2 .

(7)

The above results for an individual particle can be extended
to the whole beam assuming that its interactions with the
wakefield is dominant among the others. For that, considering a relativistic beam of particle density nb , one has that
its overall kinetic energy Ek can be obtained by integrating
Eq. (7) for ek along the beam
∫
Ek =
ek nb (ξ)dξ,
(8)
in which ξ = z − vb t, being vb = v(s = 0) the initial beam
velocity, considered initially uniform for all the particles.
Note that Ek depends on nb , which depends on γ, which in its
THPGW002
3581

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPGW003

ENERGY LOSS OF AN ELECTRON BEAM WITH GAUSSIAN DENSITY
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GENERAL MODEL

Abstract
A semi-analytical 1D model is derived for the total energy loss of an electron beam with Gaussian density profile
undergoing a passive plasma beam dump. The model is
compared to a previous one, obtained for a half-sine longitudinal density profile. It is shown that both models agree if
the beam density profiles are properly matched, and if their
lengths are small in comparison to the length of wakefield
decelerating phase. The beam energy obtained from both
models is compared to 1D PIC simulation results.

INTRODUCTION

Under proper conditions, laser pulses or particle beams
undergoing a quiescent plasma can drive intense wakefields.
Laser-driven [1] and beam-driven [2] plasma accelerators are
well known applications [3] for such wakefields, using them
to achieve compact acceleration of charged particles [4, 5].
Passive and active (laser-driven) plasma beam dumps use
the same physical phenomena of LPA and BPA to obtain
compact beam deceleration [6–9]. Moreover, since this deceleration is achieved by interaction with collective fields
rather than by particle scattering, the use of plasma beam
dumps could reduce radiological hazards such as radioactivation induced by high-energy particles interacting with the
beam dump structure.
In a previous work [7], an analytical model was proposed
to evaluate the total energy loss of an electron beam with an
arbitrary density profile, propagating in a passive or active
plasma beam dump. Analytical expressions were obtained
for a half-sine longitudinal and parabolic transverse beam
density profile, and compared to particle-in-cell (PIC) simulations for both passive and active beam dump schemes.
In this work, a semi-analytical 1D model is derived for the
total energy loss of an electron beam with Gaussian density
profile in a passive plasma beam dump. Matching conditions are obtained to enable the use of previous analytical
models [7], derived for beams with half-sine density profiles,
to evaluate the total energy loss of beams with Gaussian profiles. The disagreement between both models is shown to
be a function of the beam size with respect to the length of
the wakefield decelerating phase. Results from both models
are compared to a 1D PIC simulation.
∗
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The model is developed under the following assumptions.
A highly-relativistic electron beam (𝛾 ≫ 1) propagates in
a plasma with initial velocity close to the speed of light in
vacuum, 𝑣𝑧 ≃ 𝑐. While the beam remains relativistic, it is
stiff enough to maintain its shape along the propagation. The
plasma is treated as a cold-fluid of electrons with density 𝑛0 ,
in a fixed ionic neutralizing background. The beam density
profile is given by 𝑛𝑏 (𝜉), where 𝜉 ≡ 𝑧 − 𝑐𝑡 is the co-moving
coordinate, 𝑠 ≡ 𝑐𝑡 is the propagation distance and, at 𝑠 = 0,
the beam is monoenergetic (𝛾 = 𝛾0 for all its particles) and
it has longitudinal momentum 𝑝𝑧 ≃ 𝛾𝑚𝑒 𝑐, where 𝑚𝑒 is the
electron rest mass. From the linearised equation of motion
for the plasma response and the Lorentz force, it follows that
𝑑𝛾/𝑑𝑠 ≃ −𝑘𝑝 (𝐸𝑧𝑏 /𝐸0 ) ,

(1)

where 𝑘𝑝 = 𝜔𝑝 /𝑐 is the plasma wave number, 𝜔𝑝 =
(4𝜋𝑛0 𝑒2 /𝑚𝑒 )1/2 is the electron plasma frequency, 𝑒 is the
electron charge, 𝐸𝑧𝑏 is the beam self-driven longitudinal
plasma wakefield, and 𝐸0 = 𝑐 𝑚𝑒 𝜔𝑝 /𝑒 is the cold nonrelativistic wave breaking electric field. Integration of Eq. (1)
over 𝑠 leads to 𝛾(𝜉, 𝑠) = 𝛾0 − 𝑘𝑝 𝑠 [𝐸𝑧𝑏 (𝜉)/𝐸0 ]. Defining
the beam total energy as 𝑈(𝑠) = ∫ 𝑑𝜉𝛾(𝜉, 𝑠)𝑛𝑏 (𝜉)/𝑛0 , and
𝑈(𝑠 = 0) = 𝑈0 , the following expression for the normalized
beam total energy can be obtained,
∫ 𝑑𝜉[𝐸𝑧𝑏 (𝜉)/𝐸0 ][𝑛𝑏 (𝜉)/𝑛0 ]
𝑈(𝑠)
= 1 − 𝑘𝑝 𝑠
.
𝑈0
𝛾0 ∫ 𝑑𝜉 𝑛𝑏 (𝜉)/𝑛0

(2)

Eq. (2) is a simplified, one-dimensional version of the more
general expression presented in [7], which can be used to
calculate the evolution of the total energy loss for a given
beam density profile 𝑛𝑏 (𝜉), provided that the beam-driven
wakefield 𝐸𝑧𝑏 (𝜉) is known. In the linear (up to the quasilinear) regime, where 𝑛𝑏 /𝑛0 ≲ 10, and 𝐸𝑧𝑏 /𝐸0 ≪ 1, the
wakefield can be calculated by solving a Green’s function [3],
𝜉
𝐸𝑧𝑏 (𝜉)
= −𝑘𝑝 ∫ 𝑑𝜉′ cos [𝑘𝑝 (𝜉 − 𝜉′ )] 𝑛𝑏 (𝜉′ )/𝑛0
∞
𝐸0

(3)

GAUSSIAN DENSITY PROFILE
Longitudinal Wakefield
Assuming an electron beam with a Gaussian longitudinal
density profile,
𝑄1𝑑
𝑛𝑏 (𝜉) 𝑛𝑏
𝜉2
⎜− 2 ⎞
⎟ , 𝑛𝑏 ≡
=
exp ⎛
,
𝑛0
𝑛0
√2𝜋𝑒𝜎𝜉
⎝ 2𝜎𝜉 ⎠

(4)
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THE USE OF AN RF UNDULATOR IN THE DESIGN OF AN
ACCELERATING STRUCTURE
N. V. Avreline, TRIUMF, Vancouver, Canada
S. M. Polozov, A. G. Ponomarenko, National Research Nuclear University MEPhI (Moscow
Engineering Physics Institute), Moscow, Russia
Abstract
The idea of accelerating a beam in the accelerating structures based on an RF undulator poses great advantages in
high current proton and ions accelerators. The accelerating
structure based on an RF undulator uses a combinational
wave that consists of the zeroth and the first harmonics for
acceleration and focusing. This paper presents the development of this accelerating structure for acceleration of a
beam. In particular, we show that this structure is an H-type
resonator composed from five coupled sections.

INTRODUCTION
This paper describes the design of new accelerating
structures for acceleration of high current ion beams that
use a combinational wave consisting of RF field’s zeroth
and the first spatial harmonics. This type of accelerator belongs to the class of longitudinal RF undulator accelerators
[1] and is the next step in the logical development of the
idea of undulator-based accelerating structures proposed
earlier. The analytical studies of them have already been
published in [2-4]. The undulator acceleration mechanism
is similar to the acceleration mechanism in an inverse free
electron laser (IFEL) [5], where ponderomotive forces accelerate an electron beam.

𝐸 : 𝜒 𝐸 /𝐸 . The combination of these two spatial
harmonics represents the combined wave that accelerates
beam. The optimal value of χ is between 0.25 and 0.3 [2],
specifically we selected 𝜒 0.25. We determine the ratio
of structure period to accelerating gaps with the help of formula (1):
𝜒

,

,

(1)

,

where h – accelerating gap length, D – period length of the
accelerating channel and 𝑅 , is defined in Fig. 1.
The accelerating channel has an 8 mm diameter and consists of drift tubes with outer diameter of 10 mm. Figure 1
shows the cross-section of the accelerating channel for one
structure period.

This is a preprint — the final version is published with IOP

ACCELERATION IN RF UNDULATOR
The proposed structure utilizes the RF undulator with the
zeroth and the first spatial harmonics providing the acceleration and focusing of a proton beam. One of the advantages of this structure is that it allows to simultaneously
accelerate two ion beams with ions of different polarity
(protons and negative ions of hydrogen). In the later stages
of acceleration, bunches of particles of opposite polarity
accelerate separately in different synchronous phases [3].
In this paper, we will discuss the acceleration of just the
proton beam, as the results for the negative hydrogen ion
beam are similar and differ only in the phase. The electrical
components of the fringe fields near edges of the drift tubes
play the role of focusing and defocusing lenses for the
beam. As these lenses are separated by the distance of the
accelerating gap, they result in a net focusing effect. The
other focusing factor is travel time in these lenses. The protons travel through focusing lenses slower than through defocusing lenses, as a result of the energy gain in the gap.
So once again, the overall net effect is beam focusing. The
proposed structure could accelerate proton beam from injection energy of 46 keV to energy of 543 keV. The length
of this structure is 1258 mm. The dimensions of the accelerating gaps and the length of drift tubes determine the ratio of the zeroth 𝐸 and the first
harmonics
MC3: Novel Particle Sources and Acceleration Techniques
A15 New Acceleration Techniques

Figure 1: The period of the accelerating channel.
A specific property of the accelerating structure with undulator is that neither the zeroth harmonic, nor the first harmonic are synchronous to the synchronous particle of the
beam, only the combined wave is synchronous with beam.

Combinational Wave
Figure 2 shows the sum of the zeroth and the first spatial
harmonics in coordinate system that is aligned with the position of synchronous proton for different moments of time.
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RECENT DEVELOPMENTS OF THE 520 MeV CYCLOTRON’S HIGHPOWER RF SYSTEM AT TRIUMF*
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B. Waraich, TRIUMF, Vancouver, Canada
Abstract
520 MeV Cyclotron’s High-Power RF System has been
in the state of continuous operation for over 50 years since
its commissioning. This paper describes the recent upgrades of the RF System, the main goal of which was to
improve reliability. Specially, we discuss the upgrades
done to the RF Transmission Line (TL), the RF Power Amplifier (PA) components and their diagnostics tools. We upgraded the structure of Intermediate Power Amplifier
(IPA), installed Solid State (SS) driver and are in the process of replacing tubes with a SS option for IPA and PA.

INTRODUCTION

Figure 2: RF amplifier of the 520 MeV Cyclotron.

Upgrades to improve the RF system of 520 MeV cyclotron [1] are made on an annual basis. The main goal is reduction of RF system’s downtime. Recently, we also began
implementation of SS technologies, as in the future they
are to make up the core of RF amplifiers.

RF power is transmitted from the RF amplifier by the
means of a 9” coaxial line followed by a 11” transmission
line (TL) loaded with an inductive coupler and 3 variable
capacitors for matching tuning.

RF SYSTEM OF THE 520 MeV
CYCLOTRON
The RF system of the 520 MeV Cyclotron consists of the
1.0 MW CW main resonator operating at 23.06 MHz and
the 40 kW CW RF booster operating at 92.24 MHz (the 4th
harmonics).
Main RF System layout is presented in Fig. 1.

Figure 1: Main RF system layout.
RF amplifier of the main RF System consists of the IPA,
the splitter and four 250 kW PAs. The output power of the
250 kW PAs is combined into a 1 MW output by the means
of a 2-stage combiner system which consist of three combiners in total (Figure 2).

___________________________________________

* TRIUMF receives federal funding via a contribution agreement through
the National Research Council of Canada.
† navreline@triumf.ca.
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UPGRADE OF THE POWER AMPLIFIER
Development of SS Driver for IPA
The original IPA consists of four stages: the SS
preamplifier (SSPA), the driver, the pentode stage and the
tetrode stage. We are in a process of replacing the pentode
stage by SS amplifiers in the IPA. 2 kW SS driver will
replace the pentode stage. The SS driver was installed and
tested during Cyclotron’s operation, yet at the same time,
the pentode stage has not been decommissioned. A simple
reconnection of cables in the IPA could return the IPA to
the original configuration that uses the pentode. Figure 3
shows block diagram IPA with the 2 kW SS Driver.

Figure 3: The block diagram of IPA for testing 2 kW SSA
during cyclotron operation.
Before operational test of 2 kW SS driver, it was tested
it in the IPA loaded with dummy load for power over 45
kW.
2 kW SS driver phase change never exceeds a 38.5-degree change at outputs that are above the minimal power of
the RF system (SS output at 230 W, which corresponds to
40 kV of Dee Voltage). Figure 4 depicts the plot of phase
change given the output power of the 2 kW SS driver; two
horizontal markers show the range of phase change as output power increases from 230 W to 475 W.

THPGW005
3591

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPGW006

AVOIDING EMITTANCE DEGRADATION WHEN TRANSFERRING THE
BEAM FROM AND TO A PLASMA-WAKEFIELD STAGE *
A. Chance, X. Li and P. A. P. Nghiem†
CEA-IRFU, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

Abstract
The plasma-wakefield acceleration technique is known
to provide a very strong accelerating gradient (GV/m), up
to three orders of magnitude higher than the conventional
RF acceleration technique. The drawback is a relatively
higher energy spread and especially a huge beam divergence at the plasma exit, leading to an irremediable and
strong emittance degradation right after beam extraction
from the plasma. In this article, we first derive the expressions showing the parameters governing the emittance
growth in a transport line, which allows to recommend a
strategy for mitigating it. The application to a typical configuration of the EuPRAXIA project at 5 GeV is then discussed. It turns out that with optimized beam injection, acceleration, extraction, and transport to the end user, the total emittance growth can be contained to less than 22%.
Especially for injection to, or extraction from a plasma acceleration stage, optimizing the ramp length, whatever its
shape, is particularly efficient, by minimizing the Twiss parameter  of the beam.

INTRODUCTION

The huge electric field in a plasma excited by either a
powerful laser beam or a particle beam, can accelerate electron beams to the multi-GeV energy range within a few
tens of cm long plasma. This principle of particle acceleration by plasma wakefields is now well proven theoretically
and experimentally [1]. Its maturity allows to go beyond a
physics experiment to plan an accelerator facility capable
of delivering a high-energy and good-quality beam to users
[2]. For that, extracting the beam from the plasma stage and
transferring it to the end users or to the next plasma acceleration stage are the key points.
It is indeed well known that emittance can grow very
strongly, by a factor up to 10 or more, when the beam abruptly leaves a plasma wakefield area with very strong focusing to enter into free space. Although this is a very wellknown phenomenon and although many theoretical studies
[3-7] have been dedicated to study improvements through
smooth, adiabatic plasma density transitions, neither consistent description nor efficient remedy exists yet to fully
understand the emittance growth and avoid it for a practical
case. It is not clear which emittance, trace or phase emittance, increases the most, in the free drifts or in the focusing elements of transport lines. Additionally, the adiabatic

Let's recall that the trace emittance 𝜀 and the normalized trace emittance 𝜀 , are defined as:
〈𝑥 〉〈𝑥′ 〉 − 〈𝑥𝑥′〉 ,

=

𝜀

𝜀

=𝛽 𝛾𝜀

,

(1)
(2)

where 𝑥, 𝑥′ are the particle position and momentum angle,
𝛽 , 𝛾 are the relativistic coefficients (not to be confused
with the Twiss parameters below noted as 𝛼, 𝛽, 𝛾), and 〈 〉
denotes the statistic variance.
Equivalently, the phase emittance and the normalized
phase emittance are defined as:
(3)
〈𝑥 〉〈𝑝 〉 − 〈𝑥𝑝 〉 ,
𝜀
𝜀 , =
(4)
𝑚 𝑐
where 𝑝 is the particle momentum, 𝑚 the electron rest
mass and 𝑐 the speed of light.
If transverse and longitudinal distributions are independent, which is generally the case, algebraic calculations
show that
𝜎
𝑝
(5)
𝜀 , =𝜀 ,
+𝛼
𝑝
𝑝
where 𝑝 is the longitudinal momentum, 𝜎 its variance,
and 𝑝 denotes the average.
When in addition 𝛼 = 0, i.e. at a beam waist, where the
beam changes from divergent to convergent and vice versa,
the two normalized emittances are equal:
𝜀

___________________________________________
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transitions were studied without beam loading effects,
which are not applicable to high-charge beams.
For these reasons, a thorough study has been performed
to understand emittance growth and to mitigate it in the
general case. The details are published in [8] and the main
conclusions are reported here. We first derive the expressions governing the emittance behavior in a transport line,
exhibiting all the parameters involved in its growth mechanism. From that, a strategy for mitigating emittance
growth can be recommended and its application to a specific case of EuPRAXIA [9] is then shown as an example.

=

,

=𝜀

,

𝑤ℎ𝑒𝑛 𝛼 = 0.

(6)

This is often the case at a focusing element and it is recommended to perform emittance measurement immediately after those locations in order to get relevant results
[5]. It is worth noting that in the general case, 𝜀 , and
𝜀 , differ by the term 𝛼 𝜎 , meaning that the two emittances are even more different from each other for a higher
energy spread and when the beam is more divergent or else
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COMMISSIONING-STAGES AND RADIO-PROTECTION CONCEPT
FOR THE THz -LINAC BASED ACCELERATOR ”AXSIS” AT DESY
F. Burkart ∗ , R. W. Assmann, U. Dorda, B. Marchetti, DESY, Hamburg, Germany
F. X. Kaertner, N. H. Matlis, T. Rohwer, CFEL and University Hamburg, Hamburg, Germany

Abstract
The dedicated accelerator R&D facility SINBAD at DESY
hosts the AXSIS accelerator. The AXSIS project is funded
by the European Research Council to develop a compact
source for attosecond serial X-ray crystallography and spectroscopy. For that purpose, in one of the arcs of the SINBAD facility and the neighboring laser labs, an accelerator
research site is being constructed where a fully THz-driven
accelerator (electron gun and linac, with a final energy <
30MeV) will be installed. The current status of the hardware
installation of the electron beam accelerator is presented.
Furthermore, the required radio-protection measures and
maximum beam parameters are presented. In this contribution the commissioning plans and the staging of the beam
operation for the accelerator complex will be shown and
discussed in detail.

INTRODUCTION

The attosecond X-ray Science: Imaging & Spectroscopy
project (AXSIS) [1] has been initiated with the goal of
demonstrating a compact attosecond X-ray light source
based on a fully THz-driven accelerator. The accelerator will
consist of a relativistic photo-injector driven by single-cycle
THz pulses and a multi-cycle-driven THz LINAC which
will accelerate the electrons to energies up to 30 MeV. The
electrons will collide with a counter- propagating Joule-class
laser beam which acts as an optical undulator to produce
X-rays in the biologically relevant 4-12 keV range. All components will be driven by beams originating from a single driving laser system, ensuring intrinsic synchronisation
as well as the possibility of sub-femtosecond resolution in
pump-probe studies. The AXSIS project involves the development of four key and very challenging technologies:
• Joule-class lasers operating at kilohertz repetition rates;
• single- and multicycle THz sources in the millijoule to
tens-of-millijoule range based on nonlinear difference
frequency generation (DFG);
• THz- driven accelerator modules, including MeV-class
photo-guns and tens-of-MeV-class LINACs; and
• efficient X-ray generation via optical undulation of MeV
class electron beams [2].
The schematics of the AXSIS accelerator and X-ray production system is shown in Fig. 1. A sketch of the complete
AXSIS area can be found in Fig. 2. The nominal AXSIS
electron beam parameters after the linac are listed in Table 1.
∗

Figure 1: Schematics of the AXSIS accelerator and X-ray
production system, including laser and user area.

Figure 2: Sketch of the AXSIS area at SINBAD, including
accelerator tunnel, X-ray hutch, laser laboratory, bio-labs
and control room.

AXSIS INFRASTRUCTURE
The AXSIS facility has been built up in the frame of the
SINBAD accelerator R&D facility at DESY. For AXSIS
an arc of the former DORIS tunnel is used and modified.
The DORIS storage ring was removed and the facility was
equipped with state-of-the-art infrastructure, including ethernet, water and pressurised air circuits, electricity and safety
systems. An X-ray hutch, laser laboratory, bio laboratories
(at the former Hasylab) and a control room is located next
to the tunnel area. The tunnel and the surrounding laboratories are separated with massive concrete walls [3, 4]. The
final AXSIS system will be installed on a 10 m long, 23
tons granite block located half in the X-ray hutch and half in
Table 1: Nominal Electron Beam Parameters After the Linac
Beam energy
Bunch Charge
Repetition Rate

Unit

Value

MeV
pC
Hz

30
3
1000
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WAKE-T: A FAST PARTICLE TRACKING CODE FOR
PLASMA-BASED ACCELERATORS∗
A. Ferran Pousa†,1 , R. Assmann, A. Martinez de la Ossa,
DESY, 22607 Hamburg, Germany
1 also at Institut für Experimental Physik, Universität Hamburg, 22761 Hamburg, Germany
Abstract
The design and study of plasma-based accelerators relies
typically on costly 3D Particle-In-Cell (PIC) simulations
due to the complexity of the laser-plasma and beam-plasma
interactions. However, under certain assumptions, more efficient and simple models can be implemented to describe
the dynamics of the accelerated beams. Wake-T (Wakefield
particle Tracker) is a new code for analytical and numerical
particle tracking in plasma-based accelerators which is orders of magnitude faster than conventional PIC codes. This
allows for fast parameter scans and is well suited for the
initial design and optimization of these novel accelerators.

This is a preprint — the final version is published with IOP

INTRODUCTION
Plasma-based accelerators (PBAs) have demonstrated the
capability of achieving GeV electron beams in only centimeter scales [1], orders of magnitude shorter than with
conventional radiofrequency (RF) technology. PBAs thus
offer an attractive solution towards highly compact and costeffective accelerators with broad applications in areas such
as photon science and high-energy physics.
The design of these novel devices is however highly nontrivial. This is due to the complex laser-plasma and beamplasma interactions, which typically require the use of computationally demanding Particle-in-Cell (PIC) codes for accurate predictions. This implies that performing large parameter scans to, for example, optimize the performance
and assess the robustness of PBAs (as routinely done for
RF accelerators) is prohibitively expensive. However, in
cases where certain complex processes such as electron selfinjection [2,3] are not relevant, more computationally efficient numerical methods to obtain the evolution of the
witness beam can be implemented by considering simplified
models for the plasma wakefields. This is particularly relevant when the electron beams are externally injected, as the
plasma-accelerating stages act only as energy boosters and
can be characterized by their wakefields.
We present here the simulation tool Wake-T (Wakefield
particle Tracker), a new particle tracking code specially designed for PBAs which offers orders of magnitude faster
simulations than conventional PIC codes. Although based
on simplified physical models, this tool allows for fast parameter scans and is well suited for the initial design of
PBAs, including complex multi-stage setups [4], as well as
∗
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performing sensitivity and tolerance studies. Wake-T is an
open-source project [5] and entirely written in Python.

PARTICLE TRACKING
IMPLEMENTATION IN WAKE-T
The core idea behind Wake-T is to track the evolution of
charged particles in the presence of externally prescribed
electromagnetic fields, such as the plasma wakefields, which
are determined though simplified models instead of full PIC
plasma simulations. The 6D phase-space evolution of the
beam particles is then obtained by means of analytical or
numerical solutions of the equations of motion
dp
(t) = −e [E(r, t) + v(t) × B(r, t)] ,
dt
dr
p(t)
(t) =
,
dt
mγ(t)

(1)
(2)

where r = (x, y, z), v = d r/dt and p = mγv are the particle
position, velocity and momentum, t is theptime, e and m are
the electron charge and mass and γ = 1/ 1 − (v/c)2 is the
relativistic Lorentz factor of the particles, with c being the
speed of light. The electric and magnetic fields experienced
by the particles are given by E(r, t) and B(r, t), respectively.
In the current state of development, the fields experienced
by a particle beam in a plasma accelerating stage are determined by simple analytical models for the linear and blowout
regimes [6,7]. These models do not currently include effects such as beam loading or driver evolution. Thus, as
an alternative, it is also possible to externally specify the
fields, which can be obtained from actual PIC simulations
(using the VisualPIC libraries [8]), or by manually setting the
values of Ez , the electric field slope Ez′ = ∂Ez /∂z and the
focusing gradient g = ∂(Ex −cBy )/c∂ x = ∂(Ey +cBx )/c∂ y
(for v ≃ c) around the particle beam.
After the fields have been specified, the particle evolution is obtained by solving the equations of motion either
by using a fast analytical model or a more general numerical algorithm. The analytical model is based on the theory
presented in [9], which takes into account the coupling of
longitudinal and transverse particle dynamics. This set of
analytical expressions allows a fast computation of the 6D
particle distribution at any time t = t f simply from the initial conditions at t = t0 , and provides accurate solutions as
long as the particle motion is relativistic and the fields have
not significantly evolved between t0 and t f . More accurate
solutions can be obtained if the numerical model is used,
which solves the equations of motion with a Runge-Kutta
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TOLERANCE STUDIES AND LIMITATIONS FOR PHOTONIC
BANDGAP FIBER ACCELERATORS
L. Genovese∗ , F. Lemery, M. Kellermeier, F. Mayet1 , W. Kuropka1 , U. Dorda, R. Assmann
DESY, Hamburg, Germany
1
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Abstract

a)

Laser-driven hollow core photonic bandgap (PBG) fibers
were proposed by Lin in 2001 as high-gradient accelerators. The central defect in the transversely periodic lattice
supports an accelerating mode for synchronous acceleration
in the ultra-relativistic regime. The optical frequencies in
such dielectric laser accelerators motivate a sensitivity and
tolerance study to overcome manufacturing imperfections.
Finally we discuss the propagation characteristics of Linfibers and find that small-bandwidth (∼ns) pulses would be
needed for efficient acceleration over longer distances.

b)

c)

INTRODUCTION
Modern conventional particle accelerators are powered
by radiofrequency and use metallic resonant cavities which
provides an accelerating gradient of up to ∼ 100 MV/m.
Metallic breakdowns and power requirements, as well
as the complicated infrastructures of modern accelerators
has motivated the scientific community to look for new advanced concepts which could improve accelerating gradients
on more compact footprints, i.e. with smaller wavelengths.
By comparison, dielectric materials have a laser damage
threshold one or two orders of magnitude higher than their
metallic counterparts. For example, in the optical regime,
fused silica has a breakdown threshold of ∼GV/m, the small
optical energies required to reach these gradients ∼µJ are
available at high repetition rates (MHz) from modern conventional laser systems.
The first experimental demonstration of dielectric laser
acceleration (DLA) using a dielectric grating-structure was
achieved [1–3]. Recently D. Cesar [4] demonstrated a
315 keV energy modulation on a 6.5 MeV beam using an
optimized approach. However grating structures are sidecoupled and therefore inherently have a very limited interaction time with the accelerating laser pulse. This has motivated alternative research into copropagating accelerating
methods.
P. Russell demonstrated the first silica-air photonic crystal
fiber (PCF) in 1995 [5, 6]. The PCF consists of a hollow
core surrounded by air capillaries which support a photonic
bandgap (PBG) preventing the escape of light from the hollow core (defect) via a Bragg-like confinement. The innovative idea to use the PCF as an accelerator was carried out
by X. E. Lin [7] who proposed to use the defect for both
mode confinement and as an acceleration channel. In his
paper he showed that a PBG fiber (Fig. 1) driven by a 1 μm
∗
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Figure 1: a) Lin photonic bandgap fiber: The accelerating
mode, confined by the periodic lattice, propagates in the
defect channel. b) CUDOS longitudinal field intensity of the
defect mode (color scheme from blue (min) to red (max)).
c) Dispersion diagram: the white regions are the bandgap
structure of a Lin fiber in a frequency-wavenumber plane.
The correct geometrical parameters introduce a defect mode
(orange line) that cross the light line (green) in the bandgap.
laser and with specific geometrical parameters, see Table 1,
can support a TM01 -like mode with a radially uniform longitudindal accelerating field with a phase velocity matching
the speed of light.
Synchronous acceleration between the phase velocity of
an accelerating mode and velocity of an electron bunch is
critical to efficient acceleration – especially in the optical
regime. In this paper we investigate the geometrical properties of a PBG fiber. We investigate how the various fiber
parameters affect the phase velocity of the accelerating mode.
Our simulations are performed using CUDOS MOF, MPB
and MEEP. The former is a free code based on the multipole
method which uses Fourier-Bessel expansion centered on
each fiber hole to enforce boundary conditions [8]; the second one is a frequency-domain eigensolver which computes
definite-frequency eigenstates in periodic dielectric strucTHPGW014
3605
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AT THE SINBAD FACILITY AT DESY
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Abstract
While Laser Plasma Accelerators produce beams with
the high output energy required for FELs, up to now the
relatively high energy spread has prohibited FEL lasing.
Therefore it was proposed to replace the standard FEL
undulators by Transverse Gradient Undulators (TGUs).
For a first, small scale test of the TGU concept, a 40 period prototype of a high gradient superconductive TGU was
built at KIT and will be tested with beam at the ARESlinac in the new accelerator test facility SINBAD (Short
Innovative Bunches and Accelerators at DESY) at DESY.
The proposed tests are summarized in this paper.

INTRODUCTION
In a conventional undulator the radiation wavelength is
given by
1

𝜆

(1)

Where λu is the period length of the undulator, γ is the
Lorentz factor and K is the undulator parameter according
to
(2)
K = 0.934. 𝜆 [cm]B [T]
Here B is the maximum magnetic field strength in the
beam plane. To compensate the effect of energy spread
on the radiation the transverse gradient undulator was
proposed [1]. In a TGU the energy of the particle, γ, in a
beam is matched to the undulator parameter, K, such that
the modified undulator equation is given by [2].
1

𝜆

BEAM TEST AT SINBAD
The SINBAD project at DESY is the framework for all
R&D activities in this area and intends to set up multiple
independent experiments in ultra-fast science and high
gradient accelerator modules. The first experiment is the
ARES (Accelerator Research Experiment at Sinbad)
which is a linear accelerator for the production of low
charge (from few pC to sub-pC) electron bunches with
100 MeV energy [3, 4]. Figure 2 shows the schematic
view of the ARES Linac with two traveling wave structures (TWS). For the tests of the TGU the 4 m long
straight part in the dogleg section will be used. The lattice
from the end of the linac to the entrance of the TGU is
depicted in Fig. 3.
The superconducting TGU which will be used for the
experiment has been designed and constructed at KIT.
The parameters of the device are listed in Table 1 [5].

(3)

This can be done by tilting undulator poles and introducing a linear field gradient according to
α

Figure 1: Geometries of a cylindrical TGU [2].

Figure 2: Overview of ARES Linac.

(4)

The resonance condition holds if dispersion function,
D, of incoming beam is satisfied by
𝐷

(5)

The working principle for a TGU is shown in Fig. 1.
Electrons with different energies enter the undulator at
different transverse positions.
____________________________________________
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Figure 3: Lattice of the experiment.

BEAM TEST : STAGE 1
In the first test the position of the incoming beam will
be changed by steering magnets. Figure 4 shows the
simulated radiation with SPECTRA [6] for a 123 MeV,
10 pC charge beam simulated with ASTRA [7] from the
photocathode up to the exit of the Linac and then tracked
by ELEGANT [8] up to the entrance of the TGU. Since
THPGW015
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Abstract
The Photo Injector Test Facility at DESY in Zeuthen
(PITZ) carries out studies of beam-driven plasma wakefield acceleration (PWFA). The facility possesses a flexible photocathode laser beam shaping system and a variety
of diagnostics including a high-resolution dipole spectrometer and an rf deflector which enables the observation
of the longitudinal phase space of electron beams after
their passage through a plasma. Two plasma sources are
available: a gas discharge plasma cell and a photoionized
lithium vapor plasma cell.
Studies at PITZ include investigations of the selfmodulation instability of long electron beams and the
high transformer ratio, i.e., the ratio between the maximum accelerating field behind the drive beam and the
decelerating field within the beam. This overview includes the experimental results and plans for future experiments.

INTRODUCTION

Beam-driven plasma wakefield acceleration [1] is one
of promising technologies for future high-gradient compact accelerators. In this scheme, a relativistic particle
bunch traverses a plasma and drives a wakefield in it.
A trailing relativistic electron bunch placed at an appropriate distance from the driver bunch samples the wakefield and can be accelerated with a gradient exceeding
that of conventional accelerators by orders of magnitude.
PITZ has unique capabilities which make it suitable for
studying various aspects of PWFA. It is a 1.3 GHz rf
photoinjector accelerator, capable of producing electron
bunches with charges up to 5 nC, momenta up to
25 MeV/c, and emittances down to 0.7 mm mrad for 1 nC
bunches at the repetition rate of 10 Hz [2]. A general
layout of the facility is shown in Fig. 1. The photocathode
laser was built by the Max-Born Institute and features a
pulse shaper – a set of 13 birefringent crystals that enables the production of various temporal pulse shapes from
a short Gaussian pulse [3]. An S-band transverse deflecting structure (TDS) [4] allows time-resolved measurements of the electron beam profile; combined with a high
resolution electron spectrometer (HEDA2) [5], it enables
___________________________________________
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measurements of the longitudinal phase space (LPS).
When passing the TDS, the electrons receive a vertical
kick according to their longitudinal position within the
bunch, in conjunction with the HEDA2 dipole, the electrons are dispersed horizontally according to their energies; hence the transverse projection of the electron bunch
on a measurement screen downstream of these two devices represents the LPS of the bunch.

Figure 1: Layout of the PITZ facility. The plasma source
is located 6 meters downstream of the photocathode
plane.

PLASMA SOURCES
Two plasma sources were commissioned at PITZ:
a cross-shaped photoionized lithium heat pipe oven and a
gas-discharge plasma cell. Both plasma cells can be installed in the same slot in the beamline 6 meters downstream of the electron gun. Four quadrupole magnets
upstream of the plasma source alongside the gun solenoid
provide optimal focusing of the electron beam in the
plasma channel. Thin polymer foils separate the gas atmosphere of the plasma cells from the ultra-high vacuum
conditions of the accelerator beamline, but at the same
time introduce a tolerable electron beam scattering of less
than 0.2 mrad at the PITZ bunch parameters [6, 7].

Heat Pipe Plasma Cell
Inspired by the SLAC heat pipe source [8], the PITZ
heat pipe oven plasma cell has side ionization as a distinctive feature. Thanks to the heat pipe mechanism, a homogeneous lithium vapor column is formed in the central
zone of the plasma cell and then ionized by a laser
through the side arms, as shown in Fig. 2. The side ionization gives the possibility to manipulate the plasma profile
along the electron beam propagations axis – that feature
will be used in upcoming experiments [9]. The full length
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Abstract
The self-modulation instability (SMI) of long (in respect to the plasma wavelength) charged particle beams
passing through plasma enables the use of currently existing high energy charged particle beams as drivers for
plasma wakefield accelerators. At the Photo Injector Test
Facility at DESY in Zeuthen (PITZ) the SMI of electron
beams is studied [1, 2].
An enhanced experimental setup includes a plasma
channel of variable length which allows to investigate in
detail the development stages of the SMI by measuring
the instability growth rate and phase velocity as a function
of propagation distance in the plasma. In this contribution
we present the experimental setup improvements, experimental plans and supporting beam dynamics simulations.

INTRODUCTION

The self-modulation instability of long relativistic
charged particle beams is of great interest in the context
of creating compact single stage GeV-scale electron accelerators utilizing currently available high-energy driver
beams. The instability mechanism is a feedback between
the transverse wakefields in plasma and the bunch radius.
An initial, low-amplitude seed wakefield (generated by a
sharp density offset of the particle beam or plasma) creates periodic regions of focusing and defocusing which
modulate the bunch transverse profile with a period equal
to the plasma wavelength �� , and then the wake is amplified by the modulated beam. The process leads to a formation of a train of short (�� < �� ) bunchlets, that resonantly drive wakefields and can serve as a driver in plasma wakefield acceleration (PWFA) schemes. The instability formation can be split into phases: initial phase, where
the beam profile is modulated by the initial wakefields,
the non-linear growth stage, where the feedback between
the wakefield and the transverse profile leads to a rapid
increase of the wakefield amplitude, then the amplitude
decreases fast and reaches a certain established level.
During the nonlinear stage, the phase velocity of the instability is lower than that of the driver bunch [3]. This
effect not only complicates the phase synchronization
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between the driver and witness bunches [4] but is also
responsible for charge loss in the self-modulated driver:
the defocusing phase of the wakefield travels back along
the long particle bunch and “kicks out” a substantial share
of particles [5]. It was shown that a positive plasma density gradient along the plasma accelerator can result in a
better phase lock between the driver and witness, and
consequently in a higher effective acceleration gradient [6, 7].
Experiments at PITZ are intended to improve understanding of the underlying physics of the SMI, confirm
the theoretical models and provide input for more accurate simulations. In this report, we present preparation
studies for the experiment aimed to observe and characterize the growth of the SMI.

EXPERIMENTAL SETUP
The general layout of the PWFA experiments at PITZ is
described in [8]. A flexible photocathode laser system
allows generating flattop electron bunches with a FWHM
length of about 24 ps and rise and fall times of less than
2 ps. The bunches are then accelerated to a momentum up
to 25 MeV/c. Typical bunch charges for the PWFA experiments at PITZ are from 100 pC to 1 nC. Time-resolved
transverse profile and longitudinal phase space (LPS)
measurements are available downstream of the electron
bunch-plasma interaction point. Observing the momentum modulations on the LPS of the long electron bunch
after passing different lengths of plasma will allow inference of such parameters of the SMI as the travelled distance in plasma required to start of the nonlinear stage of
the instability and its duration, and the established acceleration gradient after the instability is developed. For this
experiment, the existing cross-shaped heat pipe plasma
cell setup [9, 10] was upgraded. A homogeneous lithium
vapor column is generated in the central part of the plasma cell and ionized by a UV laser pulse coming through
side arms, as shown in Fig. 1. A Coherent COMPexPro
201 ArF excimer laser is used for the ionization. The
beam at the laser output has dimensions of 24x10 mm2.
The laser pulse is transversally stretched by a pair of
prisms and ionizes an 80x10 mm2 column of the metal
vapor. After passing through the plasma cell, the laser
pulse is reflected back for a second ionization pass. A
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Abstract
FLASHForward, the exploratory FLASH beamline for
Future-ORiented Wakefield Accelerator Research and Development, is a European pilot test bed facility for accelerating
electron beams to GeV-levels in a few centimeters of ionized
gas. The main focus is on the advancement of plasma-based
particle acceleration technology through investigation of injection schemes, novel concepts and diagnostics, as well as
benchmarking theoretical studies and simulations. Since
the plasma wakefield will be driven by the optimal highcurrent-density electron beams extracted from the FLASH
L-band Superconducting RF accelerator, FLASHForward is
in a unique position for studying and providing insight for
the design study of next-generation light source and high
energy physics facilities such as EuPRAXIA. Summary of
these findings and their broader impact is discussed here.

ALTERNATIVE E-BEAM DRIVEN
PLASMA STRUCTURE FOR EuPRAXIA
The goal of the EuPRAXIA [1–3] project is to produce a
conceptual design report for the worldwide first high energy
plasma-based accelerator that can provide industrial beam
quality and user areas. Over the past two decades, beamdriven plasma wakefield acceleration (PWFA) [4, 5], has
emerged as a promising candidate for the next-generation
technology of compact, high-gradient particle accelerators.
While laser-driven plasma accelerator schemes are currently
limited in the achievable average power and repetition rate
by the available high-peak-intensity laser technology to less
than 1 kW and 10 Hz, respectively, PWFA benefits from the
development of average power on the order of MW and MHz
repetition rate electron accelerator technology. Moreover,
the achieved acceleration gradients of order 10 GV/m [6]
outperform those from conventional metallic-structure accelerators by several orders of magnitude and are comparable
to gradients realized in laser-driven plasma wakefield acceleration (LWFA) [7].
These considerations led to the establishment of the EuPRAXIA Work Package 9 (WP9) to investigate this alternative drive technology for EuPRAXIA plasma modules. In
a primary design report, the core concepts, the basic structure, and the main sub-systems for a 1 GeV accelerator were
∗
†
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introduced. The full start-to-end simulations of the beam
transport to the free electron laser and 3D simulations of self
amplified spontaneous emission (SASE) was also provided.
The next challenging task is to scale these results to reach
the envisioned 5 GeV level while maintaining the overall
quality (in terms of energy spread and emittance) of the
accelerated electron bunches. While PWFAs are especially
promising for free electron lasers (FELs) and linear colliders with regards to energy transfer efficiency and repetition
rate, they still require high energy and high brightness drive
bunches produced by an RF accelerator section in place of
the high power laser driver of the LWFA case. Since the aim
is to make a compact accelerator, it is essential to be able to
accelerate the witness bunch well beyond the energy of the
drive bunch. A joint R&D effort at FLASHForward [8, 9] at
DESY and SPARC-LAB [10] at INFN has been dedicated
to determining the most optimum drive beam and acceleration scheme. Table 1 shows the values for the 1 GeV case
from the full start to end simulation studies [11], the 5 GeV
case is still under study. The most recent result for the best
obtainable witness beam from these studies is summarized
in Table 2. Also, current research at FLASHForward on
several elements would be of high value to the EuPRAXIA
beam driven final design report. The subsequent sections
provide a summary of our findings.

SHAPED DRIVE BUNCHES
The ratio of the accelerating field experienced by the witness bunch to the decelerating field of the driver is known
as transformer ratio (TR). For symmetric beams the maximum TR is two. The first column in Table 1, summarizes
the drive beam requirements for a transformer ratio of 2
and drive and witness bunches of 0.5 GeV for the 1 GeV
EuPRAXIA case. The current state of the art research in
plasma acceleration provides two pathways for accelerating
the witness bunch to >5 GeV energies with a drive bunch
of ∼1 GeV. (1) One option is the use of asymmetric beam
and achieving high transformer ratio [12]. It is possible
to have TR on the order of 5–10 [13] with careful beam
shaping, multiple/comb drive bunches [14, 15], and highly
nonlinear wakefields [16]. (2) It is also possible to utilize
many plasma wakefield stages where each stage has a new
driver. Therefore, for the envisioned 5 GeV case for EuPRAXIA with a 0.5-1 GeV driver bunch from an RF or SRF
accelerator, initially, both options were considered. However, a parameter check based on the EuPRAXIA single
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THE EFFECT OF THE TRANSVERSE BEAM JITTER ON THE ACCELERATED ELECTRON BEAM QUALITY IN A LASER-DRIVEN PLASMA ACCELERATOR WITH EXTERNAL INJECTION AT SINBAD FOR ATHENAe
E. N. Svystun†, R. W. Assmann, U. Dorda, B. Marchetti, Deutsches Elektronen-Synchrotron, DESY,
22607 Hamburg, Germany

Abstract

Laser plasma accelerators with external injection of an
RF-generated electron beam, providing high accelerating
field gradients and increased control over the electron
beam injection process, are promising candidates for producing electron beams matching the requirements of modern user-applications. Experiments in this field are planned
at the SINBAD (Short INnovative Bunches and Accelerators at DESY) facility in the context of the ATHENAe (Accelerator Technology HElmholtz iNfrAstructure) project.
In this paper we present numerical studies on the effect of
the transverse electron beam jitter on the final quality of a
sub-femtosecond, 0.8 pC, 100 MeV electron beam accelerated to 1 GeV energy in the plasma wakefield driven by a
196 TW, 5 J laser pulse.

INTRODUCTION

Laser-driven plasma wakefield acceleration (LWFA) offers the possibility to accelerate charged particles with average acceleration gradients of the order of GV/m [1]. Successful experiments of LWFA have confirmed the relevance of this acceleration technology through the demonstration of GeV-class electron beam generation [2]. However, to prove the potential of laser-plasma accelerators
(LPAs) to be the next-generation compact sources for the
production of high-energy beams, the quality and stability
of the plasma-generated electron beams need to be improved. One promising candidate to meet the requirements
of modern applications on the accelerated beam quality is
LPA with external injection of an electron beam produced
by an RF linac. On the one hand, this acceleration scheme
is promising as it allows good control of the input beam
parameters. On the other hand, this approach is interesting
as it could allow the experimental setup to be extended to
a multistage LPA with potential applications for future
high-energy colliders.
LWFA with external injection are the baseline experiments foreseen at SINBAD [3] within the framework of
ATHENAe. They will focus on controlled injection, acceleration and extraction from the plasma of electron beams
generated by a normal-conducting 100 MeV S-band ARES
(Accelerator Research Experiment at Sinbad) linear accelerator [4].
ATHENA is a strategic research and development project structured into two technology flagship projects, dedi-
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cated to electron acceleration (ATHENAe) and hadron acceleration (ATHENAh), and several application projects.
The flagship project ATHENAe will be hosted at the SINBAD facility at DESY. The goal of the ATHENA infrastructure is to demonstrate for the first time user-relevant
applications of laser plasma accelerators, opening the door
to new, cost effective accelerator applications in science,
hospitals and industry.

RESULTS AND DISCUSSION
The following parameters regarding the potential experimental setup for LWFA with external injection at SINBAD for ATHENAe were numerically studied and justified
in [5], in order to optimize the beam quality during acceleration and extraction processes:
- the transverse plasma density profile;
- the longitudinal plasma density profile (up- and
down-ramps);
- the length of the plasma acceleration region.
In this paper we extend the numerical studies reported in
[5], in order to investigate the effect of the transverse beam
jitter on the accelerated electron beam quality in an LPA
with external injection at SINBAD for ATHENAe.
The three-dimensional start-to-end simulations have
been carried out with the spectral quasi-cylindrical particle-in-cell (PIC) code FBPIC [6]. The dimensions of the
copropagating simulation window in the longitudinal and
transverse directions are 118 × 420 ȝm2 with a resolution
of 0.022 × 0.5 ȝm2. The time step is 74 as, corresponding
to a length of 22.19 nm. A third order particle shape function and 8 particles per cell are used for the plasma. The
total number of beam particles is equal to 158280. The simulations were run in a Lorentz boosted frame with a frame
relativistic factor of Jf = 5. The Galilean-Pseudo-spectral
analytical time-domain (Galilean-PSATD) solver [7, 8] has
been used for electromagnetic field calculations to eliminate the numerical Cherenkov instability (NCI) [9, 10].
The following laser pulse parameters were assumed:
pulse length ݈߬ = 25 fs (FWHM); spot size ݓ0 = 42.47 ȝm;
peak normalized vector potential ܽ0 = 1.8; peak power
PL = 196 TW, wavelength ߣ݈ = 800 nm. The laser transverse and temporal profiles are Gaussian. The laser pulse
and the electron beam are injected collinearly into a plasma
channel with a radially parabolic density profile of the form
݊(r)= ݊0 + '݊(r/rch)2, where the channel depth
'݊ = 0.626݊0, the channel width rch = 42.47 ȝm and the
on-axis plasma density ݊0 = 1×1017 cmí3. The plasma
wavelength is ߣ = 106 ȝm and the plasma skin depth is
ܿ»߱݇ = ିଵ = 16.8 ȝm, with the plasma frequency given by
MC3: Novel Particle Sources and Acceleration Techniques
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NUMERICAL STUDIES ON ELECTRON BEAM QUALITY
OPTIMIZATION IN A LASER-DRIVEN PLASMA ACCELERATOR
WITH EXTERNAL INJECTION AT SINBAD FOR ATHENAe
E. N. Svystun†, R. W. Assmann, U. Dorda, B. Marchetti, A. Martinez de la Ossa,
Deutsches Elektronen-Synchrotron, DESY, 22607 Hamburg, Germany

Abstract
Nowadays the electron beams produced in plasma-based
accelerators (PBAs) are of sufficient energy for multi-GeV
applications. However, to allow PBAs to be usable for demanding applications such as Free-Electron Lasers, the
quality and stability of plasma-accelerated beams have to
be improved. We present numerical studies on acceleration
of an RF-generated electron beam with a charge of 0.8 pC
and initial mean energy of 100 MeV to GeV energies by a
laser-plasma accelerator. This acceleration scheme is
planned to be tested experimentally within the framework
of the ATHENAe (Accelerator Technology HElmholtz iNfrAstructure) project at the SINBAD (Short INnovative
Bunches and Accelerators at DESY) facility at DESY,
Hamburg. Electron beam injection, acceleration and extraction from the plasma are investigated through start-toend 3D simulations. The effect of the injection phase on the
accelerated beam quality is investigated through tolerance
studies on the arrival-time jitter between the electron beam
and the external laser.

INTRODUCTION

Laser-plasma accelerators (LPAs) are considered one of
the most promising candidates for future compact accelerators and light sources due to their enhanced accelerating
gradients of ~100 MV/m [1] and the significant progress in
laser technology made in the past decade [2, 3]. One of the
key milestones in the realization of laser wakefield acceleration (LWFA) as an attractive and realistic technology for
most modern applications will be the demonstration of delivering plasma-accelerated electron beams with sufficient
quality and stability. External injection of an RF-generated
electron beam is one of the important and promising technologies for the production of high-quality beams in LPAs.
In this acceleration scheme, well-developed technologies
of conventional electron linacs allow the precise phasespace manipulation of the electron beam before injection
into a laser-driven plasma wakefield. This in turn enables
the possibility of electron beam dynamics to be optimized
inside a plasma acceleration stage. Considerable experimental [4-7] and theoretical [8-11] progress has been made
in the field of LWFA with external injection in the past decades.
In this paper we present an extension of studies reported
in [12] on the optimization of the potential experimental
setup and the electron beam quality from external injection
in laser-driven plasma acceleration at SINBAD [13], considering the full 6D phase space distribution of the electron
____________________________________________
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beam. Moreover, we have also investigated the effect of the
injection phase on the accelerated beam quality through
tolerance studies on the arrival-time jitter between the electron beam and the external laser. These studies have been
carried out within the framework of the ATHENAe flagship
project. ATHENA is a new research and development platform, which will provide the infrastructure required for
bringing compact and cost-effective plasma accelerators to
user readiness with applications in science and medicine.
ATHENA is structured into two technology flagship projects and several application projects. The ATHENAe flagship project dedicated to electron acceleration will be
hosted at the SINBAD facility at the DESY Hamburg campus. ATHENAe aims at transforming the existing plasma
acceleration proof-of-principle results into novel, cost-efficient accelerator technology with a sufficient beam quality for various applications in the Helmholtz Association of
German Research Centers and beyond.

RESULTS AND DISCUSSION
Potential Experimental Setup for LWFA with External Injection at SINBAD for ATHENAe
One of the main goals of the planned plasma experiments at SINBAD will be the controlled injection of an RFgenerated electron beam into a plasma stage and its qualitypreserving acceleration to GeV energy. The external witness beam will be injected in the accelerating wakefield excited in a plasma by a laser pulse generated by a Ti:Sapphire-based laser system. The electron beam will be produced by the SINBAD-ARES linac [14]. The ARES linac
(Accelerator Research Experiment at Sinbad) is a normalconducting 100 MeV S-band linear accelerator. ARES is
foreseen to provide ultrashort (fs and sub-fs duration) electron beams with low charge (0.5-30 pC) and arrival-time
stability less than 10 fs RMS [15].

Simulation Parameters
Various basic working points (WPs) were simulated with
ASTRA and IMPACT-T to cover the design ranges of beam
parameters for the ARES linac [16]. In this paper we consider WP1 designed to reach sub-fs bunch length with the
smallest possible beam arrival-time jitter. A full set of initial electron beam parameters is given in Table 1.
In all completed simulations the laser pulse defocusing
was mitigated by external guiding of the laser pulse implemented by tailoring the transverse plasma density profile.
This allowed the effective acceleration region to be extended and the injected witness beam to be accelerated to
GeV energies.
MC3: Novel Particle Sources and Acceleration Techniques
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BEAM-BASED ALIGNMENT AT THE COOLER SYNCHROTRON COSY
T. Wagner1† , J. Pretz1,2 , Institut für Kernphysik 2, Forschungszentrum Jülich,
52425 Jülich, Germany
1 also at III. Physikalisches Institut B, RWTH Aachen University 2 and JARA-FAME,
52056 Aachen, Germany
on behalf of the JEDI Collaboration‡

Abstract

Table 1: Explanation of the Parameters in Eq. (1)

There is a matter-antimatter asymmetry observed in the
universe that cannot be explained by the Standard Model of
particle physics. To resolve that problem additional CP violating phenomena are needed. A candidate for an additional
CP violating phenomenon is a non-vanishing Electric Dipole
Moment (EDM) of subatomic particles. Since permanent
EDMs violate parity ant time reversal symmetries, they also
violate CP symmetry if the CPT-theorem holds.
The Jülich Electric Dipole moment Investigation (JEDI)
Collaboration works on a direct measurement of the Electric
Dipole Moment (EDM) of protons and deuterons using a
storage ring. Therefore an ongoing upgrade of the COoler
SYnchrotron (COSY) is done in order to improve the precision of the beam position. One part of this upgrade is to
determine the magnetic center of the quadrupoles with respect to the beam position monitors. This can be done with
the so called beam-based alignment method. First results of
the measurements at COSY will be discussed.

Parameter

INTRODUCTION

There is an observable matter-antimatter asymmetry in
the universe which can not be explained by the Standard
Model of particle physics. In order to get an explanation
for that additional CP violating eﬀects are needed [1]. An
additional CP violationg eﬀect can originate from permanent
Electric Dipole Moments (EDM) of subatomic particles.
The EDM is violating parity and time reversal symmetry.
Thus it also violates CP symmetry if the CPT-theorem holds.
The predictions of EDMs of the Standard Model are orders
of magnitudes too small to explain the dominance of matter
in the universe. The discovery of a lager EDM would then
hint towards physics beyond the Standard Model and yield a
contribution towards an explanation for the dominance of
matter.
The observation of EDMs of subatomic particles is possible by observing their interaction with electric ﬁelds. For
neutral particles (e.g. the neutron [2]) this can be done in
small volumes and no accelerator is needed, as they are
not charged and thus not accelerated by the electric ﬁeld.
For charged particles it is more diﬃcult, and as the Jülich
Electric Dipole moment Investigation (JEDI) Collaboration
wants to measure the EDM of the proton and the deuteron,
there is the need for a storage ring. The storage ring has to
be very precise [3] in order to reduce the systematic error
†
‡
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Δx
s
s0
Δk
x(s0 )

Bρ
k
β
ν
φ

Meaning
Orbit change
Measurement position
Position of quadrupole
Change in quadrupole strength
Position of the beam with respect to the magnetic center of the
quadrupole
Length of quadrupole
Magnetic rigidity of the beam
Quadrupole strength
Beta function
Betatron tune
Betatron phase

to an acceptable level. In order to improve the precision of
the Cooler Synchrotron (COSY) the beam-based alignment
method is being used to align the magnetic centers of the
quadrupoles and the beam position monitors. After a ﬁrst
test with only one quadrupole [4], now the measurement was
performed for 12 out of 56 quadrupoles in COSY where the
measurement was directly possible.

THEORETICAL DESCRIPTION OF
BEAM-BASED ALIGNMENT
In order to determine where the magnetic center of a
quadrupole is, one can use the eﬀect that if the beam is not
centered inside the quadrupole, that there is a dipole component to the ﬁeld which the beam sees. If one then varies the
quadrupole strength one also varies the dipole component
of the ﬁeld, which the oﬀ center beam sees. Due to that,
the orbit in the accelerator will change and one can observe
that change. The change of the closed orbit depends on the
oﬀset of the beam inside the quadrupole where the strength
is varied. The change of the orbit [5] can be described by
Δx(s) =


Δk · x(s0 )
1
×
Bρ
1 − k β(s0 )
2Bρ tan πν


β(s) β(s0 )
cos[φ(s) − φ(s0 ) − πν],
2 sin πν

(1)

where the parameters are explained in Table 1.
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FACILITY CONSIDERATIONS FOR A EUROPEAN PLASMA
ACCELERATOR INFRASTUCTURE (EuPRAXIA)*
P.A. Walker†, Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany
for the EuPRAXIA collaboration.

Abstract
EuPRAXIA (European Plasma Research Accelerator
with eXcellence In Applications) is a conceptual design
study for a compact European infrastructure with 5 GeV
electron beams based on plasma accelerators [1-3]. The
concept foresees two main construction sites, one at INFN
in Frascati, Italy and one at DESY in Hamburg, Germany.
Four centres of excellence in Portugal, France, the United
Kingdom, and the Czech Republic, will support both
construction sites. In Frascati, an RF injector based on Sband and X-band technology will be used while at DESY,
an RF injector based on S-band technology or alternatively a laser plasma injector (LPA) will be used before the
beam is transported into the plasma accelerator. A singlestage laser plasma accelerator (LPA) will also be used to
reach the 5 GeV target energy. User areas will provide
access to FEL pilot experiments, positron generation,
compact radiation sources, and test beams for HEP detector development.

INTRODUCTION
The pan-European approach of EuPRAXIA [4] foresees
six different centres of excellence across the continent.
Two main construction and experimental sites - one at
INFN in Frascati, Italy, and one at DESY in Hamburg,
Germany – will be complemented by four centers of excellence in France, Portugal, the United Kingdom, and the
Czech Republic (Figure 1). The excellence center in
France will focus on lasers and FEL radiation, Portugal
will focus on simulations studies, the UK will specialize
in application beamlines, and the Czech Republic is
planned as an incubator for laser technology. User areas
will provide access to free-electron laser (FEL) pilot experiments, positron generation, test beams for high energy
physics (HEP) detector development, and compact radiation sources, such as Thompson radiation and betatron
sources.

RF AND PLASMA TECHNOLOGY
Figure 2 provides an overview of the different technical
setups considered for EuPRAXIA. Both particle-driven
and laser-driven plasma acceleration will be explored to

Figure 1: Map of the six European countries in which
main construction and experimental sites (Italy, Germany)
and centers of excellence (France, Portugal, the UK, and
Czech Republic) will be housed.
reach a final electron energy of 5 GeV. In Frascati, a
radio frequency (RF) injector based on S-band and Xband technology (with electron energy up to 1 GeV [5-8])
will be constructed and used as a drive beam for particledriven plasma wakefield acceleration (Figure 2e). DESY
will implement both external and internal injection LWFA
mechanisms. In the former, an RF injector based on Sband technology (with electron energy up to 250 MeV
[9,10]) will be employed before the beam is injected into
the final laser plasma accelerator (LPA) stage (Figure 2c
and d). As an alternative to the RF injector, a plasma
injector (with electron energy up to 150 MeV [11]) can be
used (Figure 2b). A single-stage LPA will also be built
alongside the staged approach to reach the 5 GeV energy
target (Figure 2a). The hybrid option (Figure 2f), in which
an LPA produces an electron beam, which in turn is used
to drive a PWFA stage, can be implemented in both sites
[12]. Each country involved in EuPRAXIA will have a
particular specialization within the project. A centre for
FEL research will be based in France, which will also
coordinate the development of laser technology for the
EuPRAXIA laser together with the European laser industry [13].
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CRUCIAL TRANSVERSE BEAM DYNAMICS OF THE RACETRACKSHAPE FIXED FIELD INDUCTION ACCELERATOR FOR GIANT CLUSTER IONS*
Taufik1,2†, T. Adachi, M. Wake, K. Takayama, High Energy Accelerator Research Organization,
Tsukuba, Japan
1
also at National Nuclear Energy Agency of Indonesia, Yogyakarta, Indonesia
2
and The Graduate University of Advanced Studies, Tsukuba, Japan
Abstract
The beam dynamics properties a racetrack-shape fixed
field induction accelerator (RAFFIA) have been calculated
by linear optics. An importance of uniformity in the magnet
field profile and COD correction by steering magnets are
discussed. Multiparticle tracking simulation has been carried out to confirm the orbit stability in transverse directions. Space-charge effect that is a big issue of any circular
accelerator with low energy injection energy is analyzed by
using the nonlinear beam envelope equation. Critical beam
current is obtained, beyond which the equilibrium beam
core become unstable and chaotic on the beam-core phase
space (, d/ds).

INTRODUCTION
Specific features of energetic cluster ions interaction
with a target material called cluster effects are well known.
Recently, Especially, use of cluster ions with the energy
from several keV to tens MeV [1–5] has attracted interests
from mutation or material science. A tandem accelerator
has been used for cluster ion acceleration [6]. Unfortunately, it has a limitation in maximum energy. As a method
to repeatedly accelerate cluster ions, the RAFFIA was proposed at KEK in 2015 [7].
The RAFFIA employs the induction acceleration system. The RAFFIA has been designed, which accelerates
C-60 (A=720) cluster ions with the charge state of 10 from
10 MeV to 144 MeV. The RAFFIA ring with two straight
sections consists of four fixed-field bending magnets,
ramping quadrupole doublets, steering mag-nets, electrostatic injection kicker, and induction cells [8]. The bending
magnet is a key component, which has the gradient field in
the main pole region and the reverse field in its front.
It is crucial to find optics parameters of the RAFFIA in
order to assure a transverse beam stability. The particle
tracking code to simulate particle orbits through the acceleration cycle has been developed. A linear orbit theory has
been established to figure out the essential features of the
RAFFIA such as the lattice function, momentum dispersion function, and momentum compaction factor. Non-uniformity of the magnetic field along the longitudinal direction of the bending magnet is evaluated to yield the substantially large closed orbit distortion (COD). A nonlinear
beam-core evolution equation perturbed by space-charge
___________________________________________
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effects approach is used to estimate the acceptable beam
current.

BENDING MAGNET OF THE RAFFIA
Beam orbit of the RAFFIA is set up by four bending
magnets, forming a racetrack-shaped orbit. Since the injection/extraction (edge) angle of 45° induces extremely large
edge defocusing in the vertical direction, a reverse field
strip at the front edge and field gradient on the main pole
is crucial to provide net focusing in the horizontal and vertical direction. The reverse field and main bending field are
excited by a single pair of coils. The bending magnet is designed by using ANSYS 3D® and the field data on the median plane of the magnet gap as shown in Fig. 1, is imported for beam tracking simulation and beam dynamics
calculation.

Reverse field

Figure 1: Designed magnetic field data on the median
plane.

ORBIT STABILITY ANALYSIS
Stability of The Transverse Motion
For the acceleration without particle loss, it is crucial to
ensure the stability of the transverse motion in a ring accelerator. A linear-optics calculation using a transfer matrix is
well established for analysis of the transverse motion in a
synchrotron.
Unfortunately, the linear-optics cannot be directly applied to the transverse motion in the RAFFIA, since the orbit in the bending magnet varies according to the beam energy. Two approaches are used to analyze the stability of
the transverse motion in the RAFFIA; particle tracking
simulation and linear-optics calculation. Runge-Kutta
THPGW029
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Abstract
The ADIGE (Acceleratore Di Ioni a Grande carica Esotici) injector of the SPES (Selective Production of Exotic
Species) project is now in an advanced phase of installation.
Its main components have been designed following particular needs of the project: first, an Electron Cyclotron Resonance (ECR)-based Charge Breeder (SPES-CB), to boost
the charge states of the radioactive ions produced at SPES
and allow their post-acceleration. Then, a stable 1+ source
and a complete electrostatic beam line to characterize the
SPES-CB. Finally, a unique Medium Resolution Mass Spectrometer (MRMS, R=1/1000), mounted on a high voltage
platform downstream the SPES-CB, to clean the radioactive
beam from the contaminants induced by the breeding stage.
This contribution describes the status of the injector, in particular the installation of the platform housing the MRMS,
the access and safety system adopted and the first beams to
be extracted from the stable 1+ source.

This is a preprint — the final version is published with IOP

INTRODUCTION
SPES [1] (Selective Production of Exotic Species) is an
INFN project with the aim at developing an Isotope Separation On Line (ISOL) Radioactive Ion Beam (RIB) facility as
an intermediate step toward EURISOL. The SPES project
is under construction at the INFN-Laboratori Nazionali di
Legnaro (LNL): the main goal is the production and postacceleration of exotic beams to perform forefront research
in nuclear physics by studying nuclei far from stability. The
project is concentrating on the production of neutron-rich
radioactive nuclei with a mass range A=80–160: they are
fission fragments that will be produced by delivering a proton beam on a UC x target developed at LNL. The proton
driver will be a commercial cyclotron [2] with a variable
energy (30–70 MeV) and a maximum current of 0.75 mA
(upgradeable to 1.5 mA), with the possibility to split the
beam on two exit ports. The radioactive species produced
will be extracted as a 1+ beam from dedicated sources [3],
cooled in a RFQ-cooler [4] and purified from the isobars
contaminants through a High Resolution Mass Spectrometer (HRMS) presently in the design phase. In order to
allow post-acceleration with the LNL booster ALPI (up to
∗
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10 MeV/A for A/q = 7), the project will employ an Electron Cyclotron Resonance (ECR)-based charge breeding
technique [5]: the Charge Breeder will be equipped with a
complete test bench totally integrated with the SPES beam
line. This part of the post-accelerator, together with the
newly designed RFQ [6], composes the so-called ADIGE
(Acceleratore Di Ioni a Grande carica Esotici) injector [7],
whose layout is shown in Fig. 1. Since fall 2017, the injector
entered the installation phase: the following sections will
give a brief description of the injector, the present status of
its installation and a plan for the first expected beams.

BEAM LINE DESCRIPTION
Depending on the particular element to be charge bred,
two kind of 1+ sources will be employed (alternatively), sharing the same vacuum chamber: a surface ionization source
(SIS) or a plasma ionization source (PIS). Those sources
are simplified copies of the ones which will be installed in
the target-ion source-system of SPES and are described elsewhere [3]. The stable 1+ ions produced will be extracted by
applying a positive high voltage between 20 keV and 40 keV
to the common vessel through a 3 mm hole, and placing a
movable electrode at ground potential, in order to optimize
the electric field depending on the extracted intenisty. The
beam will pass through two couples of X-Y electrostatic
steerers (±2 kV max) that will correct possible beam misalignments, and will be transported through an electrostatic
beam line consisting of two triplets (5 kV max, total length
848 mm), a 90◦ bending dipole, two beam instrumentation
boxes equipped with faraday cups, beam profile monitors
and selection slits, and an emittance measurement device,
consisting of slit-grid systems. Charge breeding at SPES
will be based on the ECR technique: in particular, the model
adopted (SPES-CB) derives directly from the PHOENIX
Charge Breeder installed at the Laboratoire de Physique Subatomique et de Cosmologie (LPSC) [8]. The SPES-CB was
delivered to LNL at the end of 2015, after succesfull acceptance tests carried out between March and April [5]. Highly
charged ion beams in the range 4≤A/q≤7 will be extracted
from this device through a three electrodes extraction system
designed at LNL [9], and initially focused by two solenoids
(effective length 325 mm, maximum field B=1.5 T). Special
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The ALPI linac at INFN-LNL was substantially refurbished in 2018, especially in view of its use as secondary
accelerator for exotic species in the framework of the SPES
project. In particular: 10 magnetic triplets were replaced
with higher gradient ones; two cryomodules with quarter
wave resonator were moved from the PIAVE injector to
ALPI, so as to make them available both for exotic and stable beams; the cryogenic plant was renovated; the whole
linac, its injector and its beam lines were eventually realigned via LASER tracking (LT). The expected outcome of
the refurbishment project is a larger beam transmission
(crucial for the efficient transport of the unavoidably low
current exotic beams) and improved overall reliability so
as to further extend the lifetime of an already 25 years old
machine. The hardware commissioning of this new configuration will be reported.

INTRODUCTION

In April 2018, beam operation at the Tandem-ALPIPIAVE accelerator complex in Legnaro was suspended, so
as to concentrate the resulting manpower effort on the refurbishment of the ALPI linac in view of its exploitation
within the SPES facility. The SPES project [1] regards a
second-generation ISOL-type facility for exotic beams,
generated through the interaction of a 40 MeV 200 uA proton beam from a commercial cyclotron with a UCx target,
linked to Surface Ionization, Plasma and LASER Ion
Sources (SIS, PIS; LIS). The extracted beam, with charge
state 1+, will be either sent to low energy experimental stations or accelerated with ALPI. For both cases, a high-resolution mass separation stage (M/M~20000) , preceded
by an RFQ beam cooling device, will be used if required.
Prior to the acceleration stage, the beam charge will be
boosted in an ECR-type charge breeder (CB), purified from
the contaminants introduced by the CB itself, driven to a
normal conducting CW 80 MHz RFQ and then to the superconducting linac ALPI through a MEBT line matching
the linac injection parameters via two 80 MHz QWR room
temperature bunchers and quadrupole triplets. At present,
the cyclotron has been commissioned to the design energy
(70 MeV) and current (500 uA), the target-ion-source station is available off-line (while infrastructure work on both
the target bunker and related laboratories is being carried
out) and the CB injector ADIGE is in construction [2]. In
the meantime, the ALPI layout (Fig.1) has been modified
and refurbished, by displacing two QWR cryostats from
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PIAVE and increasing by 50% the gradient of 10 quadrupole triplets.
In their new positions (CR01 and CR02) the displaced
cryostats will be available for acceleration both from the
old stable beam injector PIAVE [3] and from the RFQ of
the ADIGE exotic beam injector. Increase of the field gradient in 10 triplets is expected to improve beam transmission along the linac, at the primary advantage of very low
current (sub-nA) exotic beams and of stable beams too.
These refurbishments, implemented in the period April
2018 – March 2019, came together with the reconfiguration of cryogenics distribution, vacuum, RF and beam instrumentation systems. Following displacement of substantial loads in the linac hall, careful reconstruction of the
LT alignment network had to be carried out, in addition to
alignment of the newly installed or displaced elements and
alignment correction of the old ones. The machine is now
ready for both a quick recommissioning in view of a restart
of users’ operation (June 2019) and dedicated weeks for
deep investigations of beam acceleration in the linac in
view of its use as SPES re-accelerator.
A further upgrade of ALPI is foreseen for year 2021,
when two additional QWR cryostats will be added at the
end of the linac (in positions CR21 and CR22) so as to increase the final energy to ~ 10 MeV/A for ions of interest
(in the A=80÷160 range).
The upgraded ALPI layout is shown in Fig.1, where the
future three injection lines are highlighted, together with
the displaced PIAVE cryostats and the high energy cryostats CR21 and CR22.

Figure 1: New ALPI layout with highlights on the position
of the new cryostats (in blue) and higher gradient triplets
(in green). Injection from stable beams (Tandem and
PIAVE) and exotic ones (SPES new RFQ injector), and the
direction of the beam are marked by red arrows.
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Abstract
All-dielectric electromagnetic band gap (EBG) waveguides structures promise signiﬁcant improvement of accelerating gradient of laser-driven acceleration with the potential
to miniaturize the accelerator itself. In this work we study
photonic crystal structures designed for acceleration of relativistic electrons. We explore the performance of the alldielectric EBG accelerating structures thanks to full wave
electromagnetic simulations of couplers and accelerating
waveguides. The characteristic interaction impedance, accelerating gradient and all the key parameters that are typically
used to characterize linear accelerators are evaluated and
used to compare the properties of the accelerating mode
ﬁeld distribution in diﬀerent geometries.

This is a preprint — the final version is published with IOP

INTRODUCTION AND MOTIVATION
It is well known that conventional metallic accelerating
structures suﬀer from electrical breakdown in the presence
of strong electric ﬁelds, therefore in the recent years an alternative paradigm based on “dielectric accelerators” has
been proposed to overcome this limitation [1]. The two main
advantages of this approach are the larger damage threshold of dielectrics with respect to metals, and the potential
reduction of cost and size of particle accelerators working at
higher frequencies, in particular in the optical regime where
perfect conductors do not exist. In this framework, Photonic
Crystal (PhC) have opened the way to the realization of ultracompact dielectric devices operating in diﬀerent frequency
regimes [2]. PhC waveguides oﬀer the possibility of carefully engineering the dispersion properties of the guiding
structures, thus have been proposed for molding phase and
group velocity in a very controlled way. These features can
ﬁnd very interesting applications also in the ﬁeld of linear
accelerators. As a matter of fact, PhC waveguides seem
to be the ideal choice for the realization of a dielectric accelerator: in particular, they allow hollow-core guiding of
the spatially overlapped particle and light beams, the phase
velocity can be tuned in order to get synchronous acceleration, the group velocity can be engineered based on the
desired interaction length and higher-order modes can be
eﬃciently suppressed. The interest in PhC guiding structures is not limited to the case of a single waveguide. As a
matter of fact, PhC couplers and arrays obtained by placing
several waveguides side-by-side have already been analyzed
in depth. Linear accelerators based on two-dimensional
∗

(2D) PhC waveguides [3, 4], Bragg waveguides [5], woodpile waveguides [6, 7], and photonic crystal ﬁbers [8] have
already been proposed and studied in the literature.
Here we describe the design and the numerical validation
of a 2D PhC planar coupler operating in the X band. The
main features of the proposed all-dielectric resonant coupler
is a complete conversion from a transverse electric mode
to a transverse-magnetic-like accelerating mode obtained
by resonant coupling between the two waveguides [9]. Although such 2D structures may not be immediately suitable
for charged particle acceleration (the ﬁeld is not conﬁned
in one direction), the planar geometry makes fabrication
and integration simpler and, last but not least, the 2D conﬁguration represents a simpler “testbench” that allows the
evaluation of some important LINACs ﬁgure of merits in
order to demonstrate the potential of the EBG accelerating
structures. The accelerating waveguide of the proposed coupler is compared with other 2D synchronous accelerating
structures based on Bragg reﬂectors [5] and high-contrast
gratings (HCGs) [10]; as a comparison we include also a
“conventional” 3D metallic 3-cell X band Standing Wave
(SW) cavity [11].
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2D PHOTONIC CRYSTAL COUPLER
Photonic crystals (PhCs) are periodic arrangements of
diﬀerent dielectric materials exhibiting a frequency bandgap
where electromagnetic waves propagation is suppressed. In
this paper, for the PhC band gap computation and ﬁeld evaluation we use the MIT Photonic-Bands (MPB) package [12].
The geometry has been tuned with the “supercell method”
and then it has been truncated and simulated as a real coupler (including input and output regions and ports) in CST
Microwave Studio [13]. It is worth to note that the two
main advantages of “dielectric accelerators” - namely larger
damage threshold and potential reduction of cost and size
of particle accelerators - are valid at higher frequencies, in
particular in the optical regime. However, in the following
design we chose microwave frequency (11 GHz) and alumina as dielectric (r = 9.72 [14, 15]), only to demonstrate
physical concepts that can be scaled-up at optical frequencies to provide an all-dielectric coupler suitable for laser
acceleration. The proposed directional coupler structure is
based on two adjacent waveguides obtained by the optimization of two defects in a 2D PhC: in order to get an eﬃcient
energy exchange between the two waveguides, the design
of the isolated guiding structures has been tuned so that the
interacting modes have the same propagation constant [16].
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Abstract
We are going to demonstrate the principle of crab crossing in laser-Compton scattering which creates head-on collision in a pseudo manner to enhance the intensity of laserCompton X-ray. When the electron beam is tilted by half
of the collision angle, the scattered X-rays becomes the
largest. Calculation shows that more than threefold luminosity will be achieved in our system and could be larger
luminosity depending on the beam parameters. The intensity of scattered light can be efficiently enhanced by using
a collision laser with high intensity, high quality and ultrashort pulse duration. Thus, we have introduced a regenerative amplifier using ceramics thin-disk as a collision laser
and developed a dedicated laser system. In this conference,
we will report on our laser system and results of crab crossing laser-Compton scattering.

INTRODUCTION
Laser-Compton scattering (LCS) is a phenomenon in
which the energy of an electron is transferred to a laser photon and a high energy photon beam can be generated. The
experiment using the 6GeV electron storage ring and ruby
laser in 1965 is the beginning of the LCS experiment [1],
and since then, the development of the LCS technology is
progressing with that of the electron accelerator and the laser technology.
In the present circumstances, an X-ray tube is used for
X-ray imaging and non-destructive inspection, but the
wide energy width causes a reduction in resolution and
contrast of X-ray images. There are large synchrotron radiation facilities (ex: SPring-8) as an X-ray source with high
brightness and high stability, but the facility is huge and not
suitable for industrial applications. On the other hand, laser-Compton X-ray is quasi-monochromatic, high brightness, excellent in directivity and short pulse characteristics.
In LCS X-ray source, since the energy of the electron beam
is lower by about two orders, the accelerator facility can be
miniaturized. LCS is expected for industrial application as
a compact X-ray source, but for that purpose it is necessary
to enhance intensity of X-ray. In this paper, we report on
laser system development for increasing the scattered Xray and collision experiment.

LCS AND CRAB CROSSING
Laser-Compton Scattering
Figure 1 shows the collisional scattering (LCS) of the
electron beam (Lorentz factor γ) and the laser (energy of
laser photon 0 ).
____________________________________________

Figure 1: Schematic of LCS.
The maximum X-ray energy (�� �� ) would be obtained
along the electron beam axis � = and written as
�� �� ≃ 2 �0 + cos �
(1)
Here, is � ⁄�, where c and v the velocities of light and
electrons, respectively. The energy of the scattered light is
variable by adjusting the beam energy and the collision angle of the laser. Further, the polarization of the scattered Xray follows the polarization characteristics of the collision
laser and exhibits high polarization. In the case of collisions between pulses, the scattered X-ray also becomes
pulses and exhibits short pulse characteristics. The number
of scattered photons is given by the product of cross section
and luminosity, as follows.
� =�×�
(2)
Since the total cross section is unchangeable once the laser wavelength and beam energy is decided, it is necessary
to increase the luminosity as much as possible to obtain the
high brightness X-ray. Luminosity can be expressed as
seen in Eq. (3). �� is the number of electrons in a bunch
and � is the number of photons in a laser pulse. Assuming
that the electron beam and the laser are Gaussian,
�� , �� , �� represents the sizes of the horizontal, vertical,
and longitudinal respectively. The subscripts e is for the
electron beam and l is for the laser. Table 1 shows the expected experimental parameters assumed for the system.
Table 1: Parameters of Electron Beam and Laser Pulse
Electron Beam

Laser Pulse

Energy

4.2 MeV

1.2 eV(1030nm)

Intensity

40 pC

10 mJ

Transverse Size

100 µm

50 µm

Duration

3 ps(rms)

1 ps(FWHM)

The relationships between the collision angle and the luminosity are shown in Figure 2.
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USING Er FIBER LASER FOR PULSE RADIOLYSIS*
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Abstract
Pulse radiolysis is one of the methods to elucidate radiation chemical reactions. In order to elucidate that, not only
high temporal resolution, but also a light source with a
broad spectrum band is required. A Xe flash lamp is mentioned as a light source having a broad spectrum band.
However, in measurement using a Xe flash lamp, the time
resolution is limited to the nanosecond order. In this research, we have developed supercontinuum light as a light
source that enables picosecond time resolution and has a
broader spectrum band. In this paper, we developed a light
source using an Er doped fiber laser for pulse radiolysis
measurement, and report the results and future prospects
here.

INTRODUCTION

using a Xe flash lamp is normally depended on the time
resolution of the photo detectors, and it is generally limited
to the nanosecond order.
Thus, it is necessary to use the stroboscopic method with
an ultrafast laser to conduct experiments with better time
resolution. The typical schematic drawing of the stroboscopic method is shown in Fig. 2. Pulsed radiation and
pulsed analytical light are simultaneously incident to measure generated reactive species. At this time, transient absorption is time-profiled by repeating the measurement
which changed the arrival time of the analysis light pulse
to the irradiation. Therefore, the analysing light needs to
be a supercontinuum light which has the features as short
pulse, wide spectrum band and good M2. In this study, we
will report the newly developed supercontinuum light
source with a broad band spectrum in the visible light region to replace the Xe flash lamp.

Pulse Radiolysis
Nowadays, there are many radiation chemical industrial
products in present society. Thus, it is very important to
elucidate the fundamental process of radiation chemical reactions. Pulse radiolysis technique is one of the most powerful methods to elucidate radiation chemical reactions.
Typical scheme of the pulse radiolysis system is shown in
Fig. 1. When some materials are irradiated by the ionising
radiation, various kinds of reactive intermediates are produced. The reactive species, which are excited states, ionic
species, radicals and their related species, will be produced
in the irradiated materials. These species can be characterized and observed by the optical absorption with the certain
time resolutions. In the practical way, the measurement is
performed by observing the change of light intensity with
certain wavelength in the analysis light, which is introduced to the sample cell at certain timings with the ionizing
radiation.
analysis light

reactive
intermediates

sample

Figure 1: Scheme of the pulse radiolysis system.

A light source used for pulse radiolysis is required to
have high intensity, stability, and a broad spectrum band.
Xe flash lamps are widely used because they satisfy these
requirements. However, the time resolution of the system
___________________________________________
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Time

Figure 2: The typical schematic drawing of the stroboscopic method.

Supercontinuum Light
Supercontinuum light is continuous and broadband laser
light It can be obtained by impinging ultrashort pulses on a
nonlinear optical material such as PCF (Photonic Crystal
Fiber) [1]. Ultrashort pulses is whitened by the nonlinear
optical effects such as self-phase modulation, four-wave
mixing and Raman scattering. It has not only the properties
of a laser, such as high intensity, short pulse, high stability,
and high directivity, but also has the properties of a broad
band wavelength spectrum band, so it is very suitable as a
light source for pulse radiolysis. In previous research, we
have obtained supercontinuum light using Yb doped fiber.
The results are shown in Fig. 3. It can be confirmed that the
wavelength is broadened from about 1030 nm to about 750
nm. However, the visible light spectrum band on the
shorter wavelength side was not stable and could not be
obtained. Therefore, in order to obtain a light source covering the visible light region, we are now trying to generate
supercontinuum light using an Er doped fiber laser. The
purpose of this research is to develop a broadband light
source, which covers the most important region for pulse
radiolysis 300 – 800nm, by utilizing supercontinuum light
MC2: Photon Sources and Electron Accelerators
T25 Lasers
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HYBRID Yb/Nd LASER SYSTEM FOR RF GUN IN SuperKEKB PHASE II
AND PHASE III COMMISSIONING
R. Zhang*, X.Y. Zhou, Y. Honda, M. Yoshida, KEK/SOKENDAI, Tsukuba, Japan
H. Kumano, N. Toyotomi, Mitsubishi Electric System & Service Co., Ltd, Tsukuba, Japan
Abstract
SuperEKKB phase II commissioning has been finished
in the summer of 2018. By use of Ytterbium doped fiber
and Nd:YAG hybrid laser system, 2.3 nC electron beam
with low emittance has been achieved at the end of linac,
which is generated by RF gun. The electron beam is injected and stored in High Energy Ring successfully. Basing
on these operation experiences, the Nd:YAG laser system
will be used for the early stages of SuperKEKB phase III
commissioning. After the update of laser system during
2018 summer maintenance, about 5.3 nC electron charge is
generated by RF gun. Beside this, the laser spatial and temporal reshaping experiment has been being done in order to
realize the electron beam with low emittance and low energy spread. Meanwhile, a perspective towards the next
step Yb:YAG laser system is also introduced in this paper.

INTRODUCTION
For realizing high luminosity, high charge electron beam
and positron beam with low emittance and energy spread
are required in SuperKEKB, as listed in Table 1. Although
thermionic gun can generate high charge electron beam,
the emittance is bad without damp ring. As to the linac of
SuperKEKB, one damp ring is built for the positron beam
[1]. In contrast, RF gun is adopted to generate high charge
electron beam with low emittance and energy spread [2].
Table 1: Phase III Requirements for SuperKEKB Linac
Energy
Normalized
Emittance
γβεx/γβεy
Energy Spread
Bunch Charge
at Injection
Point

Positron
4 GeV
100/50 μm

Electron
7 GeV
40/20 μm

0.16%
2 nC

0.07%
3 nC

In order to generate stable and qualified electron beam
for SuperKEKB high energy ring (HER), a RF gun drive
Ytterbium (Yb)/Neodymium (Nd) hybrid laser system is
adopted from SuperKEKB phase II commissioning in 2018
[3]. Although just three weeks HER injection is achieved
by the RF gun during phase II commissioning, stable continuous electron beam injection with comparable low emittance is realized. Meanwhile, much cleaner injection background is demonstrated for Belle II Detector by use of RF
gun injection mode compared with the case of injection by

the existing thermionic gun. All of these results demonstrate that our Yb/Nd hybrid laser system can be used as
RF gun drive laser system for early stages of SuperKEKB
phase III. According to the operation experience in phase
II, some improvements are made for current laser system
in 2018 summer maintenance. More stable and higher
charge electron beam has been achieved and adopted in
phase III commissioning from this March. And the RF gun
is decided to be the unique electron source for SuperKEKB
HER injection [4].
By use of current laser, 5.3 nC electron charge is generated from RF gun, this demonstrates that the laser system
and RF gun can generate high charge electron beam for the
final aim of SuperKEKB phase III, as shown in Table 1. In
the following days, the priority is to promote high charge
electron beam with higher quality. Transverse and longitudinal reshaping of laser pulse for photocathode will be
done with the aim of purchasing much lower emittance and
energy spread. Meanwhile, Yb:YAG laser system is also
under discussion because the Yb:YAG laser crystal has the
ability to generate much shorter laser pulse for the pulse
stacking stage. Flat top temporal laser pulse can be realized
by pulse stacking method for reducing the emittance of
electron beam.

RF GUN COMMISSIONING RESULTS IN
SuperKEKB PHASE II
SuperKEKB phase II commissioning has been accomplished in last July. The Thermionic gun was used as main
electron source because the requirements of phase II for
emittance was not very strict. The RF gun is used for HER
about three weeks. In contrast with injection mode by the
thermionic gun, injection by the RF gun made much
cleaner background. Meanwhile, the luminosity was increased at the same storage current level. Although it is just
three weeks that the HER storage injected by the RF gun,
the drive hybrid laser system had been being operated all
the time during phase II. Solid and stable hybrid laser system guarantees smooth and continuous injection and commissioning in phase II. As a result, 3.3 nC electron beam is
generated successfully by use of two laser beams injection.
Accordingly, about 2.3 nC electron charge is prepared for
injection to HER. Meanwhile, one laser injection mode
also generates 2.4 nC electron charge in RF gun and 1.5 nC
at the end of linac for BT line and HER injection. The emittance and energy spread are much lower than the case of
thermionic gun injection.
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MODERATION OF POSITIVE MUONS BY HELIUM GAS∗

Y. Li† , Y. Bao‡ , R. R. Fan, X. Li, X. Tong,
Institute of High Energy Physics (IHEP), Chinese Academy of Sciences (CAS), Beijing, China
C. J. Ning, P. C. Wang,
China Spallation Neutron Source, Dongguan Campus, IHEP, CAS, Guangdong Province, China
FRICTIONAL COOLING

Abstract
Eiciently creating beams of spin-polarized positive
muons with energies between eV and keV (so-called slow
muon beams) is important for further development and application of muon spin rotation, relaxation, and resonance
techniques. One existing moderation method involves the
use of wide-band-gap materials as moderators such as rare
gas solids and solid nitrogen thin ilms (band-gap energy between 11 eV and 22 eV). Based on this moderation method,
we have studied the use of helium gas as a moderator, with
the goal of producing the slow muon beam more eiciently.
Because of helium’s high (24.6 eV) ionization energy and because the cross section for muonium formation is suppressed
in helium gas, we expect the production of slow muons using
helium gas to be highly eicient.

This is a preprint — the final version is published with IOP

INTRODUCTION
Muon beams are tertiary beams. They originate from the
decay of charged pions, which are produced by proton beams
striking the production target. Surface muons are produced
by pions that stop and decay near the surface of the production target. There are only positive muons (�+ ) in the surface
muons, since �− interact with nuclei before decay. Surface
muons are 100% polarized, with ∼ 4.1 MeV kinetic energy
in the rest frame of �+ . Slow �+ are produced by moderating
surface muons to thermal or epithermal energy and subsequently reaccelerate them to keV energy (0.5 keV–30 keV).
Slow �+ beams are a great tool for many researches such as
depth-sensitive (1 nm–300 nm) Muon Spin Rotation, Relaxation, and Resonance (�SR) studies [1].
We are planing to produce slow �+ beams for the Experimental Muon Source (EMuS) at the China Spallation
Neutron Source (CSNS) [2], dedicated to �SR applications.
The EMuS project is in the conceptual design phase. According to the current baseline design, the surface muon beam
intensity is about 108 �+ /s with a relatively large beam spot
size of about 72 mm × 80 mm (full width at half maximum).
Therefore, a novel muon moderation scheme is required for
the production of slow �+ at EMuS. In this paper, we will
present a preliminary scheme based on frictional cooling of
�+ by helium (He) gas within an electric ield. We will also
present some progress on both simulation and experiment,
as well as the future planning.
∗
†
‡

This work is supported by CAS, National Natural Science Foundation of
China (Grant No. 11875281), and China Postdoctoral Science Foundation
(Grant No. 2019M650845).
yangli@ihep.ac.cn
yubao@ihep.ac.cn

MC3: Novel Particle Sources and Acceleration Techniques
A21 Secondary Beams

The low energy processes of �+ implanting into the moderator materials can be summarized as follows: (a) Between
4 MeV and 10 keV, the ionization and multiple scattering
dominate. (b) Between 10 keV and 10 eV, the ionization [3],
charge exchange [4], and elastic scattering [5] dominate.
Most of the low energy �+ are neutralized and form Muoniums (Mu) during these processes due to the large �− -capture
cross section. Energy loss due to Mu formation is strongly
suppressed when the �+ energy is close to the band-gap
energy �g of the moderator, since the �+ energy must, at
least, be comparable to �g to ionize an atom. In epithermal energy region, the energy loss is mainly due to elastic
scattering, which is not so eicient because of the small �+
mass. This results in a large escape depth of a few tens of
nanometers [6].
In order to suppress the Mu formation for a higher moderation eiciency, wide-band-gap materials, such as argon,
neon, or nitrogen cryosolids (�g between 11 eV and 22 eV),
have been used as the moderator. Among several possible
noble gases, we select He because (a) the ionization energy
is high, �g ∼ 24.6 eV, and (b) the cross section of Mu ionization is greater than that of Mu formation when the �+
energy is below keV region. The mass stopping power of
�+ in He gas is shown in Fig. 1 [7]. As seen, the processes
of �+ -He interactions mainly include: (a) in high energy
region, the ionization and multiple scattering; (b) in intermediate energy region, the ionization and charge exchange; and
(c) in low energy region, the elastic scattering, dominating
the energy loss contribution at energies down to ∼1 eV.

Figure 1: The mass stopping power of �+ in He gas. The vertical blue and red dashed lines show the resulting equilibrium
energies at two experimental conditions, respectively [7].
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3667

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPGW040

DECAY MUON BEAMLINE DESIGN FOR EMUS*
Y.P. Song1†, NSRL, USTC, Hefei, China
Y. Bao , J.Y. Tang1, H.T. Jing1, Y.K. Chen1, C. Meng, IHEP, Beijing, China
1
also at CSNS, Dongguan, China
1†

since March 2018, the configuration of CSNS complex is
shown in Fig. 1. EMuS is proposed to build a muon
source based on CSNS. To extend the application of
EMuS, different running modes are designed: surface
muon mode can offer surface muon for SR (muon Spin
Rotation, Relaxation and Resonance) application, also
ultra-slow muon application is considered; decay muon
mode can offer both positive decay muon for SR application and negative muon for muonic application (e.g. Xray element analysis), also high momentum pion/muon
for neutrino cross-section measurement and muon imaging. Muon targets are placed upstream of the neutron
target at all but one (TRIUMF/CMMS [2] is the exception) existing muon facilities (J-PARC/MUSE [3], ISIS
muon source [4] and PSI/SS [5]), which requires the
high proton transmission (usually above 90%) through the
muon target to guarantee the neutron yield, which put a
strict restriction on material and thickness choices of the
muon target. In EMuS, beam with about 5% of total
CSNS proton power is extracted to produce muons, the
proton power for the muon source will be 25 kW at
Phase-II. After hitting the muon target, the spent proton
will be extracted to the beam dump. The stand-alone
muon facility makes the much longer target practical.

Abstract
The beamline design philosophies and simulation results of the decay muon on Experimental Muon Source
(EMuS) are reported in this paper. The trunk of the beamline is mainly composed of solenoids to keep a large acceptance, and has been optimized for 45, 150 and 450
MeV/c decay muons respectively according to the π spectra optimization results from the target station. Three
spectrometers are planed for decay muons, corresponding
to μSR application, muon imaging and muonic application respectively. Decay muons from 45 to 150 MeV/c
with polarization above 75% are designed for μSR applications, and high momentum muons up to 450 MeV/c are
designed for muon imaging. Negative decay muons from
45 to 150 MeV/c are designed for muonic applications.
The momentum of the decay muons is tuneable between
45 and 450 MeV/c.

INTRODUCTION

The China Spallation Neutron Source (CSNS) [1] is a
multidiscipline research platform based on a high power
proton beam with a kinetic energy of 1.6 GeV. The designed power is 100 kW at Phase-I, and will be upgraded
to 500 kW at Phase-II. CSNS has been commissioning

Figure 1: Layout of the CSNS and its extended beam application areas, EMuS is located in High-energy Proton Experiment Area (HEPEA).
___________________________________________
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THE POTENTIAL OF HEAVY ION BEAMS TO PROVIDE SECONDARY
MUON/NEUTRINO BEAM
H. J. Cai†, L.W. Chen, S. Zhang, L. Yang, Institute of Modern Physics, Chinese Academy of
Sciences, Lanzhou, China
Abstract
This paper focuses on the exploration into the potential
of heavy ion beams to produce charged pions/muons within
different energy ranges which is widely needed for fundamental and applied research. The investigation is performed for the different kinds of beams involving 1H, 4He,
12
C, 16O, 40Ar and 136Xe with medium energy within the
range of 0.5~2.5 AGeV and high energy of 10 AGeV. Three
kinds of typical target configurations, thin graphite plate,
long tungsten rod and medium thickness nickel block are
adopted. For comparison, graphite and nickel are also used
for the long rod geometry. Basically, most of the conventional charged pion/muon beams production cases including surface muon, low energy decay muon, medium energy
pion/muon for neutrino beam and highly forward energetic
muon are involved and the feasibility of heavy ion beam
for these cases is analyzed.

INTRODUCTION
Usually, the charged muon beam is produced using proton beam as well as accelerator-based neutrino beam. To be
specific, the low energy decay muon as well as surface
muon beam lines at TRIUMF, PSI and RCNP are based on
proton beam with hundreds of MeV energy while that of
MLF at J-PARC share 3 GeV proton beam with neutron
source. This kind of conventional muon beam lines usually
adopt a thin graphite target consuming a small proportion
of the proton beam. In addition, the pion capture solenoid
is set beside the target. The MuSIC at RCNP is an exception. By placing the target in the pion capture solenoid and
using a thicker target to use full proton beam, the muon
production efficiency can be 1000 times higher [1].
The medium-energy muon beams for various accelerator-based neutrino oscillation experiments are usually provided by energetic proton beam. The pion capture solenoid
is necessary. Thus, a target long rod target would be used
to achieve a high production and collection efficiency. In
general, the energy of desired muon is in the range of
100~500 MeV/c. For example, the Neutrino Factory (NF)
was designed to collects the 40~180 MeV pions/muons
while the MOMENT would select that in the range of
150~450 MeV/c. This kind of facilities usually use the forward charged pions/muons. Based on this beam-target and
capture solenoid configurations, a considerable number of
backward muons can also be provided. In fact, the Mu-e
conversion experiments like Mu2e and COMET as well as
the MuSIC mentioned above adopt this kind of design.

Another typical case is the 3.09 GeV/c beam for g-2 and
EDM experiments. This kind of muon beam line at FNAL
is driven by 8 GeV proton beam. An inconel target is set to
be with a 7.5-cm effective beam-target thickness and the
high energy charged pions are collected by a Li lens with a
1 cm radius. Except this quasi-mono-energy beam, the energetic and highly forward muon beam can also be applied
to tomographic Imaging.
Along with the development of heavy-ion accelerator
technology, more high-intensity heavy ion accelerator facilities have been proposed over the world. Among these
facilities, HIAF, FAIR, FRIB and Spiral2 are under construction. The most typical two, HIAF and FAIR can provide relativistic heavy ion beams with an unprecedented
intensity. In addition, the upgrade plan has been proposed
for HIAF to increase the beam energy to more than 10
AGeV by using superconducting boost ring.
The high-intensity and relativistic heavy ion can not only
expand nuclear and related researches into presently unreachable region, but also have the potential to provide
high-intensity muon/neutrino beams. Here the production
of the low energy charged pions (below 200 MeV/c) as
well as the surface muon is investigated for various heavy
ions with energy varies from 500 AMeV to 2.5 AGeV with
a 1-cm thick graphite target. With 10 AGeV beam energy
and a long rod target, the characteristics of charged pions
within the range of 100 ~ 500 MeV/c as well as that below
200 MeV/c is explored for different beams and different
materials. At last, the production of 2~4 GeV/c muon beam
from 7.5-cm thickness nickel target is investigated.

Figure 1: The yields of Pi+ and Pi- below 200 MeV/c for
H, 12C and 136Xe with energy varies from 0.5 to 2.5 AGeV
with a 1-cm thick graphite target.
1

CONVENTIONAL SIDE-COLLECTED
CASE

In this section, the production of conventional low energy muon beam with a thin target is investigated. The
† caihj@impcas.ac.cn
graphite target is 1 cm in thickness. Figure 1 shows the
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APPLICATIONS OF COMPACT LASER PLASMA ACCELERATOR
(CLAPA) BEAMLINE IN PEKING UNIVERSITY*
D. Y. Li, J. G. Zhu, M. J. Wu, Q. Liao, X. H. Xu, Y. X. Geng, T. Yang, C. C. Li, X. Y. Hu, K. Zhu,
J. E. Chen, Y. Y. Zhao, W. J. Ma, H. Y. Lu, C. Lin†, X. Q. Yan,
State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

Abstract
Proton beam with energies less than 10 MeV, <1% energy spread, several to tens of pC charge can be stably produced and transported in Compact LAser Plasma Accelerator (CLAPA) at Peking University. The CLAPA beam line
is an object–image point analysing system, which ensures
the transmission efficiency and energy selection accuracy
for proton beams with initial large divergence angle and
energy spread. A spread-out Bragg peak (SOBP) is produced with high precision beam control, which is essential
for cancer therapy. Other primary application experiments
based on laser-accelerated proton beam have also been carried out, such as proton radiograph, stress testing for tungsten, irradiation of semiconductor sensor to simulate the
space irradiation environment and so on.

INTRODUCTION

With the development of ultrahigh intensity laser technique, laser plasma accelerators have made great progresses since the concept was proposed by Tajima in
1979 [1]. Laser driven ion acceleration has become a
widely studied research area due to its capability of accelerating ions over a distance of tens of μm by high gradient
electrostatic sheath field (∼TV/m) produced during the interaction of a high intensity laser with a solid target. During
the past decades, several laser driven ion acceleration
mechanisms such as target normal sheath acceleration
(TNSA) [2-3], radiation pressure acceleration (RPA) [4-5]
and breakout afterburner acceleration (BOA) [6] have been
studied theoretically and experimentally.
A large number of protons per shot (up to ∼ 1013) [7],
ultrashort duration (in the ps regime) [8] and low normalized RMS emittance (down to ∼ 10−3 mm·mrad) [9] provide an innovative approach for its wide potential applications, such as proton radiography [10], generation of warm
dense matter [11], material science [12] and cancer therapy [13]. However, a number of issues including the increase of proton energy and charge, reduced shot-to-shot
fluctuations and improved proton beam spatial profile
quality are still considered as main problems to be resolved. What’s more, a beam line must be combined with
laser driven ion acceleration to realize a monoenergetic

proton beam from laser accelerated wide energy spread
proton beam.
Recently, proton beam with different energies less than
10 MeV, <1% energy spread, several to tens of pC charge
can be stably produced and transported in Compact LAser
Plasma Accelerator (CLAPA) at Peking University. Combined with the CLAPA Beamline, several primary application experiments have been carried out, including generation of spread-out Bragg peak (SOBP) by accumulating
mono-energetic proton beams with ±4% energy spread,
stress testing for tungsten, irradiation of semiconductor
sensor and so on.

CLAPA SYSTEM
Compact LAser Plasma Accelerator (CLAPA) laser system is a Ti: sapphire system based on double CPA technology with a central wavelength of 800 nm. Cross-polarizedwave (XPW) technique has been employed to enhance the
laser temporal contrast. In laser driven proton acceleration
experiments, the p-polarized laser pulse delivering 1.8 J
with a duration of 30 fs was focused on solid targets by an
f/3.5 off-axis parabolic (OAP) mirror at an incident angle
of 30° with respect to the target normal direction. About
30% of the laser energy was contained in the 5 μm full
width at half maximum diameter (FWHM) focal spot, corresponding to the laser intensity of 8×1019 W/cm2. Under
the condition of optimum parameters, stable proton acceleration to energies exceeding 10 MeV was achieved [14].
A beam line consisting of quadruple and bending electromagnets has been built as shown in Fig. 1. A quadrupole
triplet lens is used to collect and focus wide energy spread
proton beam from the laser acceleration section within a
divergence angle of ±50 mrad. A 45° dipole magnet is used
to select proton energy accurately following the quadrupole triplet lens. The image point of the quadrupole triplet
lens is overlapped with the object point of the dipole magnet. At the image point of the diploe magnet, where an adjustable slit is installed to select a proton beam with a particular energy. After being analyzed, the mono-energetic
proton beam will be refocused again by a quadrupole-doublet lens to the irradiation platform [15]. Proton beams with
different MeV energies and <1% energy spread have been
stably transported by CLAPA Beamline [16].
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CONCEPTUAL DESIGN OF A MeV ULTRAFAST ELECTRON
DIFFRACTION BASED ON 1.4 CELL RF GUN
J.J. Li†, K. J. Fan, T. Yang, P. Yang, H.M. Chen, Y.F. Song,
State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
Huazhong University of Science and Technology, Wuhan, P.R. China
Abstract
Ultrafast Electron Diffraction (UED) is a powerful tool
to investigate the dynamic structure with temporal scale of
100 femtoseconds and spatial scale of atomic length. To
achieve high quality diffraction patterns, the transverse
emittance and the longitudinal length of electron bunches
should be reduced. MeV UED, using photocathode RF gun
instead of traditional DC gun, is being developed to produce high quality electron bunches with lower emittance
and shorter length. We are developing a MeV UED facility
based on a 1.4 cell photocathode RF gun that can provide
higher acceleration gradient at Huazhong University of
Science and Technology. In this paper, the conceptual design of the MeV UED is proposed with typical parameters
of the system, as well as the ASTRA simulation results of
optimization.

INTRODUTION
Ultrafast Electron Diffraction (UED) has the potential to
probe structural dynamics with temporal scale of 100
femtosecond and spatial scale of atomic length (sub-1 Å).
This may significantly contribute to the research into ultrafast phenomena, especially in the field of biology, physics
and chemistry.
UED is a typical pump-probe device, which uses a
femtosecond pump laser to activate samples and a precisely controlled electron bunch to probe dynamic process.
Conventional UED is driven by DC gun, which can only
provide the electrons of the energy of keV level (commonly
below 100 keV). Due to the low energy, keV electron
bunches suffer from strong space charge force that seriously broadens transverse and longitudinal phase space
during propagation [1]. To get a sub-ps electron beam, keV
UED has to reduce the number of electrons, typically few
thousands of electrons per bunch, which unavoidably reduce the signal to noise ratio (SNR) of diffraction patterns.
To overcome the space charge effects, mega-electron
volt ultrafast electron diffraction (MeV UED) was proposed [2], which employed photocathode radio frequency
(RF) gun instead of DC gun. Photocathode RF gun can provide higher accelerating gradient and increase electron energy to MeV level, so the space charge effect is remarkably
suppressed. Relativistic electrons can significantly suppress the space charge effect because the transverse and
longitudinal space charge effect respectively scale as
/� � and /� � [3], where � is the relativistic velocity and � is the electron energy. Theoretically, RF gun can
deliver up to
~
electrons in a single 100-fs bunch
___________________________________________
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[4]. The brightness of beam generated by an RF gun is at
least four orders of magnitude larger than that of a DC gun,
which makes the single-shot diffraction possible.
Another crucial advantage of RF gun is lower velocity
mismatch. Electrons emitted from the photocathode will be
accelerated to the speed of light in the gun quickly, greatly
suppressing the velocity mismatch between probe electrons and pump laser. In addition, the elastic mean free path
(MFP) length is larger that means thicker samples can be
researched.
In this paper, we present a conceptual design of the MeV
Ultrafast electron diffraction at Huazhong University of
Science and Technology (HUST), including main layout of
the facility, as well as the typical system parameters. We
also approach the use of 1.4 cell photocathode RF gun due
to its higher accelerating gradient at the photocathode.

LAYOUT OF THE MEV UED
Figure 1 is the schematic diagram of the MeV ultrafast
electron diffraction facility at HUST. The ~100 fs electron
bunch is generated from the photocathode by a femtosecond laser pulse and accelerated in an S-band 1.4 cell RF
gun. The beam is focused by a solenoid to control emittance. A RF deflector is placed downstream of the sample
chamber. Moreover, a phosphor screen and an EMCCD are
used to detect diffraction patterns.

Figure 1: Schematic diagram of the MeV ultrafast electron
diffraction at HUST.

RF Gun and Solenoid
The photoinjector uses an S-band 1.4 cell photocathode
RF gun specifically designed for the MeV UED. The accelerating gradient is 75 MV/m, allowing electron energy
to 5 MeV. RF gun is driven by a 5 MW klystron. A low
level RF (LLRF) system is designed to guarantee the high
stability of RF power source for the control of the pumpprobe timing jitter.
In order to obtain low emittance beams, a solenoid magnet is placed at the exit of the RF gun that provide 0.2684T
magnetic field to compensate for the transverse emittance
growth caused by space charge effect during the transport
beamline. Beams are focused to phosphor screen for high
quality diffraction patterns.
THPGW043
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HIGHLY STABLE LINEARLY POLARIZED ARBITRARY TEMPORAL
SHAPING OF PICOSECOND LASER PULSES
F. Liu*, S. Huang, K. Liu, Institute of Heavy Ion Physics, Peking University, Beijing, China
S. Zhang, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Abstract
This paper reports the study and demonstration of a
new variable temporal shaping method capable of generating linearly polarized picosecond laser pulses with arbitrary predefined shapes, which are highly desired by various applications including low emittance high brightness
electron bunch generation in photocathode guns. It is
found that both high transmittance and high stability of
the shaped pulses can be achieved simultaneously when
crystals are set at specific phase delay through the fine
control of the crystal temperature. Such variable temporal
shaping technique may lead to new opportunities for
many potential applications over a wide range of laser
wavelengths, pulse repetition rates, time structures and
power levels, etc. In addition, a new double-pass variable
shaping method is also proposed and could significantly
simplify the shaper structure and reduce the cost.

poral profile is realized. In this temporal shaper, a number
of identical birefringent stages (BSs) are placed between
two polarizers labelled with #1 and #2, respectively. Although only eight BSs are depicted in Fig. 1, any number
of BSs can be used. The slow axis and the fast axis of
each birefringent stage (BS) are parallel with its end surfaces, which is also known as a-cut. In such a shaper, the
rotation angles of all the BSs (Θ , Θ , ⋯ , Θ ) and output
polarizer #2 (Θ ) can be varied in full 360o for arbitrary
pulse shaping, where 𝑁 is the total number of BSs.

INTRODUCTION

Laser temporal shaping plays an important role in many
applications. For example, parabolic pulses are very useful for generation of super-continuum, ultra-short pulse,
etc [1]. Flattop or 3D ellipsoidal pulses are much desired
for reducing the emittance of electron bunches [2,3].
Due to short pulse duration and narrow spectral bandwidth, shaping picosecond pulse presents more difficulty
than shaping pulses with duration in other time regimes
[4]. Laser systems are often configured for a variety of
laser wavelengths, pulse repetition rates, time structures,
and power levels, high stability is often crucial for practical applications. Although many shaping methods are
available in literature, versatile optical arbitrary waveform
generation (VOAWG) applicable to the above concerns
has been rarely reported thus far [4,5].
In this paper, a new variable laser temporal shaping
method based on birefringent elements and polarizers is
presented, featured with arbitrary shape generation and
linear polarization, such a shaping technique shows good
long term stability, and the capability of shaping pulses
over a wide range of laser wavelengths with any pulse
repetition rate and any time structure, and is very suitable
for high power lasers.

VARIABLE SHAPER DESIGN

Figure 1 depicts the physical structure of the variable
shaper to be reported in this paper. The layout is similar to
a filter that has been used by astronomers in the study of
the radiation spectrum from the sun [6,7]. Here, with the
combination of coherent stacking concept [8] and precise
optical
phase control, variable shaping for arbitrary tem___________________________________________
*
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Figure 1: Physical structure of the variable shaper for
arbitrary temporal shaping. Θ is the angle between the
slow axis of the n-th BS and the polarization direction of
the input polarizer #1. Θ is the angle between polarization directions of the output polarizer #2 and the input
polarizer #1. 𝜑 is the phase delay of the n-th BS.
Due to different group velocities between the laser
pulses polarized along fast axis and slow axis of the BS,
one linearly polarized laser pulse can split into 2 mutually delayed replica pulses upon normally incidence on
and passing through 𝑁 BSs and output polarizer #2 successively. The phase delay from each BS, which determines the phases of the replicas, is defined as 𝜑 =
2𝜋(𝑐𝑇/𝜆 − ⌊𝑐𝑇/𝜆⌋) , where ⌊ ⌋ is a floor function that
omits decimal and only keeps integer (e.g., ⌊10.8⌋ = 10),
𝑐 is the speed of light in vacuum, 𝑇 is the time delay between two replicas produced by one BS, 𝜆 is the laser
wavelength. When all the BSs are identical and each
introduces the same time delay 𝑇, the 2 replicas can be
grouped into 𝑁 + 1 groups to form 𝑁 + 1 replicas equally
spaced in time, as shown in Fig. 2.
By rotating the BSs and the output polarizer #2 around
laser propagation axis, the relative amplitudes of those
𝑁 + 1 replicas can be arbitrarily configured, therefore
allowing output pulse with arbitrary profile to be produced. For any given output replicas’ field amplitude
vector 𝓗 = (𝐻 , 𝐻 , ⋯ , 𝐻 , 𝐻 ) , at least one corresponding real 𝚯 = (Θ , Θ , ⋯ , Θ , Θ ) exists and can be
calculated according to conservation of energy (by ignoring material absorption, the optical pulse energy remains
MC2: Photon Sources and Electron Accelerators
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A SIMPLE WAY TO INTRODUCE AN AJUSTABLE FEMTOSECOND
PRE-PULSE TO ENHANCE LASER-DRIVEN PROTON ACCELERATION∗

P Wang, Y Shou, Z Pan, S Xu, D Wang, J Liu, Z Cao, Z Mei, D Kong, Y Geng, Y Zhao, H Lu, C Lin,
X Yan, W Ma† Institute of Heavy Ion Physics, Peking University, Beijing, 100871, China
Y Gao, Fakultät für Physik, Ludwig-Maximilians-Universität München,D-85748, Garching, Germany

We demonstrate a simple way to introduce a femtosecond
pre-pulse with adjustable intensity and delay without using
an additional compressor to enhance laser-driven proton acceleration. Targets with different thicknesses were shoot at
normal incidence by varying the pre-pulses. Experimental results show that significant enhancement of the proton
energy can be achieved when the intensity of pre-pulse is
optimized. Density profile of preplasma was obtained by
hydrodynamic simulations. PIC simulations reveal that the
preplasma generated by a femtosecond pre-pulse can increase the intensity of main pulse.

INTRODUCTION

Laser-driven ion acceleration has been an attractive field
over the past decades. Its accelerating gradient is of TV/m,
three orders compared to that of conventional accelerators.
Proton beams accelerated in the interaction of ultra-short
pulse and plasma show some unique advantages: short duration, small source size [1] and small emittance [2, 3], which
benefit wide potential applications and basic science, such as
radiotherapy [4], radiography [5] and tools for investigating
nuclear [6] and astrophysical questions [7].
Great efforts have been made to increase the cut-off energy theoretically and experimentally, including target ablation [8, 9], double-layer target [10, 11] and hybrid acceleration scheme [12]. It has been demonstrated the preplasma
generated in the target ablation process can increase the laser
absorption and improve the quality of laser when parameters
are appropriate. McKenna et al. [9] demonstrated preplasma
with an 30-60 µm underdense scale length at the front side
of targets can enhance proton acceleration. Amplified spontaneous emission (ASE) [13, 14] at the leading edge of the
main pulse and pre-pulses (intrinsic [15] or external [9, 16])
are main methods to produce preplasma. Kaluza et al. [13]
found the optimal thickness of targets for maximum proton
energy strongly depends on the duraion of pre-pulse. Recently, more attention was attracted on using femtosecond
pre-pulse to enhance proton acceleration. Zhou et al. [17]
developed a numerical model describing the evolution of
targets as a function of intensity and interval time for fs
pre-pulse. Yogo et al. [15] found the intrinsic femtosecond
pre-pulse, which comes from the leakage of a regenerative
amplifier at 9 ns before main pulse, can increase proton en∗
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ergy. Glinec et al. [18] utilized an additional femtosecond
beam from a second compressor as pre-pulse to generate the
preplasma. As for the intrinsic femtosecond pre-pulses, it’s
difficult to adjust the intensity of pre-pulse and delay. In the
two-beam scheme, achieving right timing and good overlap
of the focuses requires quite a lot efforts.
In this paper, we report on experimental results using
an adjustable-femtosecond pre-pulse to enhance proton acceleration in a simple way. The pre-pulse and main pulse
were sent to the targets in sequence through the same beamline. Preliminary parametric study about the thickness of
targets and intensity of pre-pulse shows that preplasma at
the front of thick targets can make a contribution to proton
acceleration. Hydrodynamic and PIC simulations reveal that
relativistic self-focusing happens in the preplasma increasing
the intensity of main pulse.

EXPERIMENTAL SETUP
The experiments were performed using the Compact
LAser Plasma Accelerator (CLAPA) system at Peking University based on Ti: Sapphire with double CPA systems.

Figure 1: Experimental Setup.
The central wavelength is at 800 nm and its bandwidth is 45
nm. A cross-polarized wave (XPW) filter [19] is installed
between the regenerative amplifier and the PW stretcher to
enhance the laser temporal contrast. Nanosecond contrast
(10−10 ) is measured by InGaAs detector with a high speed
oscilloscope, and the results [20] using a third order scanning autocorrelator show that the laser contrast is 10−10 @
40 ps, 10−9 @ 38 ps and 19 ps. The p-polarized laser pulse
is focused onto targets by an f/3.75 off-axis parabolic (OAP)
mirror with an energy of 1.3 J and a duration of 33 fs. The
diameter of focal spot (FWHM) is 6 um, with 32% of energy
in it, giving a peak intensity of 4.5 × 1019 W/cm2 . Concerning to the laser contrast measured above, maximum intensity
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CYLINDRICAL CAVITY DESIGN AND PARTICLE-TRACKING SIMULATION IN CYCLOTRON AUTO-RESONANCE ACCELERATOR*
Yating Yuan, Kuanjun Fan†, State Key Laboratory of Advanced Electromagnetic and Technology,
Huazhong University of Science and Technology, [430074] Wuhan, China
‡
Yong Jiang , Yale University, [06520] New Haven, USA
Abstract

This is a preprint — the final version is published with IOP

The Cyclotron Auto-Resonance Accelerator (CARA) is
a novel concept of accelerating continuous-wave (CW)
charged-particle beams. This type of accelerator has applications in environment improvement area and generation
of high-power microwaves. In CARA, the CW electron
beam follows a gyrating trajectory while undergoing the
interaction with a rotating TE11-mode RF field and tapered
static magnetic field. The cylindrical cavity operating at
TE11p-mode is adapted to accelerate electron beam. The
cavity size is optimized to obtain a beam with designed energy, then a design method of the TE11p-mode acceleration
cavity is described here. Moreover, regardless of space
charge effect, several particle-tracking simulations of CARAs are showed.

field is parallel (180 degree) to the tangential velocity of
the electron, the electron will get accelerated most effective. At resonance, the electron gyrates with the rotating
electric field at the same cyclotron frequency, then the electron will be accelerated at any time as displayed in Fig. 1.
The continuously accelerating is achieved, named “RF gyroresonant acceleration”.

Er
e-

INTRODUCTION

Figure 1: TE11 E-field and electron on cross section.

Researches and experiments have been implemented to
study the concept underlying Cyclotron Auto-Resonance
Accelerator (CARA) over the past 50-years [1-5], wherein
gyrating electron beam is maintained in phase synchronism
with a rotating TE11-mode waveguide RF field using tapers in magnetic field or waveguide radius. CARA has
many unique features, including remarkably high RF-tobeam efficiency (measured at >96%) [3], generation of a
continuous self-scanning beam (without bunching and external scanning structures), simple one-stage cylindrical
accelerating structure [6] and lower beam loading on output window, as compared with the typical linear accelerator. It has many applications in environment improvement
area and generation of high-power microwaves [7]. Two
concepts described here based and go beyond prior work,
namely (a) design method of a TE11p cylindrical cavity for
CARA; and (b) several particle-tracking simulations of
CARAs under different RF power frequency.

In the presence of the axial magnetic field B0 (z) , the particle
executes an additional cyclotron motion. The cyclotron frequency
of particles of charge e and rest mass m0 in consideration of rel-

THEORETICAL ANALYSIS
Gyroresonant Acceleration Theory
In CARA, the electron beam follows a gyrating trajectory under the rotating TE11-mode waveguide field and axial static magnetic field [1, 3, 5]. The TE11-mode field only
has transverse E-field, which can be used to accelerate
electron transversely as shown in Fig. 1. The blue arrow
represents the transverse E-field on the cross section; the
red point is the electron; and the red circle represents the
cyclotron motion of the electron. When the direction of E-

ativistic factor  is   eB0 (z) / m0  . The frequency of RF
wave seen by the particle (in the laboratory frame) is   k z c  z

where  is the frequency of RF source, kz is the wave number
in z direction, c is the light speed and  z is the normalized axial velocity of particle. If these two frequencies are made to coincide, one expects some resonance effect to occur in the particle
motion.
So
the
resonance
condition
[7]
is
  k z c  z    0 or b0   (1  n  z ) , where n  k z c / 
is the effective refractive index for the operating mode. The syn-

m0
(1  n  z ) . B0 (z) is ree
lated to the energy and velocity of particle, which are varying with time and are affected by the magnetic field at last
position. In this paper, adapting multiple iterations to obtain B0 (z) .
The maximum energy can be reached using an up-tapered B-field, until mirror-reflection leads to stalling [6, 7].
The maximum accelerated energy is given approximated

chronous B-field is B0 (z) 

  02  1 
2 
 1  n1 

by  max   0  

1/ 2

, where n1 is the refractive in-

dex at the end of CARA,  0 is the initial value of the particle energy factor. Practical implications of the limit are
illustrated in Fig. 2: the larger n1 and  0 of particle, the

* Work supported by the National Natural Science Foundation of China
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TEMPORAL CHARACTERIZATION OF ELECTRON BUNCHES FROM
SELF-INJECTION AND IONIZATION INJECTION IN A LASER
WAKEFIELD ACCELERATOR
J. Zhang, J. F. Hua, Y. P. Wu, Y. Ma, Y. X. He, D. X. Liu, C. -H. Pai, W. Lu
Department of Engineering Physics, Tsinghua University, Beijing, China
Q. Q. Su, Z. Nie, University of California, Los Angeles, California, USA
Abstract
Plasma based accelerators (PBAs) have a proven capability to generate high energy electron beams with ultrashort
duration (∼ 10 fs) and high peak current (∼ 10 kA), which
opens the opportunity for compact free electron lasers. To
meet the requirements of such challenging applications, controllable injection is highly needed to produce high-quality
and highly stable electron beams. As we know, the beam
parameters, including the current profile, strongly depend
on the injection process. To explore the underlying physics
and optimize beam parameters in PBAs, a temporal characterization is highly required for different injection schemes.
Based on coherent transition radiation(CTR) method, the
preliminary experiment to measure beam temporal profiles
from both self-injection and ionization injection schemes
in a single-shot mode has been performed at Tsinghua University. And the simulations using the similar experimental
parameters have been performed to interpret the different
injection processes, which show some agreement with the
experimental results, especially for the features of bunch
durations.

INTRODUCTION
Plasma based accelerators have the potential to attain
a large acceleration gradient on the order of 100 GeV/m,
three orders of magnitude larger than that in conventional
radio-frequency (RF) accelerators [1,2]. Recently, many experimental and theoretical studies have shown that PBAs can
generate high-quality electron beams [3-5], which demonstrates the feasibility of PBAs for challenging applications of
X-ray free electron lasers (X-FEL) and high energy colliders
in a compact size [6, 7].
It is known that controllable injection is critically important for the generation of high quality stable electron beams
in PBAs. Besides its high energy gain and special transverse
beam characteristics, the temporal features ( bunch duration
and current profile) of electron beams are also crucial for the
application of PBAs. To better understand the underlying
mechanism of injection processes and to improve the performance for the application of LWFA, it’s necessary to study
the temporal characteristics of beam for different injection
schemes.
The bunch length of beam generated from PBA is mostly
dependent on the injection process, typically at the level
of few femtoseconds [8,9], thus the measurement with subfemtosecond resolution is needed. For the common used
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methods of current profile measurement in conventional
accelerators, such as transverse-deflecting structures and
electro-optic methods [10,11], this resolution is difficult to
achieve. So the CTR spectrum based on frequency-domain
method [8,12,13] are utilized to measure ultrashort electron
beams generated from a laser wakefield accelerator in this
paper.

THEORY
When the beam passes through a boundary of two media
with different refractive index, transition radiation is emitted.
The transition radiation energy distribution of beam having
Ne electrons can be given as [14,15]:
d 2W
d 2 We
=h
i[Ne + Ne2 |F(ω, θ)|]
dωdΩ
dωdΩ

(1)

where ω is the radiation frequency, Ω is solid angle at observation direction, which has an angle θ between beam
d 2 We
direction. h dωdΩ
i is the weighted average of transition radiation for single electron which is given as Ginzburg-Frank
formula:
d 2 We
re me c β2 sin2 θ
=
(2)
dωdΩ
π 2 1 − β2 cos2 θ
where re , me and c are the classical electron radius , electron mass and the speed of light respectively,and β = v/c is
the normalized velocity of electron. In the right-side of Eq.
(1), the term including Ne2 is the coherent transition radiation mainly for wavelength λ ≫ σz (beam length), which
contains the information of beam shape, while the term including Ne is incoherent radiation mainly for λ ≪ σz . Since
the form factor F(ω, θ) is Fourier transform of beam profile,
we can reconstruct the beam current profile using the CTR
spectrum. For the beam generated in a LWFA, typical beam
length is about few femtoseconds to tens of femtoseconds,
thereby causing CTR spectrum mainly located at infrared
band.

BEAM CURRENT MEASUREMENT
BASED ON CTR
The experimental setup is shown in Fig. 1. A 40-fs,
500-mJ drive laser is focused to a spot size of w0 = 10 µm
by an off-axis parabola (OAP) of focal length f = 480 mm
with 55% enclosed energy ratio. The plasma is created by laser ionization of helium gas or mixed gas in a
2 mm-diameter supersonic gas jet, and the density is measured to about 1-2×1019 cm−3 with a wave-front sensor. To

THPGW048
3693

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPGW049

FABRICATION OF ON-LINE TEST FACILITY OF
LI-8 BEAM AT KOMAC*
J.J. Dang†, P. Lee, H.-J. Kwon, H.S. Kim, Y.G. Song and Y.-S. Cho, Korea Atomic Energy Research
Institute (KAERI) Korea Multi-purpose Accelerator Complex (KOMAC), Gyeongju, Korea
Abstract
A Li-8 beam facility has been developed at KOMAC. A
target/ion source (TIS) was fabricated, and a heating experiment of a target heater and a surface ion source was conducted at an offline test site. Additionally, beam optical
components were developed. They are utilized in the Li-8
beamline that an electrostatic steerer to adjust a misalignment of the beam, an Einzel lens to focus the beam and a
Wien filter to separate the Li-8 beam from other particle
beams. Furthermore, a high-energy beta-ray telescope detector was developed as a dedicated beta-decay spectrometer for a diagnostics of the Li-8 beam. The TIS, the beam
optics and the beam diagnostics are installed in a target
room of the 100 MeV proton linac. An experiment of the
proton beam transportation into the target room and the TIS
heating experiment were conducted separately. The online
test of TIS is going to be conducted to generate Li-8 beam
and examine the beam optics and the diagnostics, successively.

rhenium target holder is placed between the target and the
target container. The target heater made by tantalum will
be heated up to 2000 K by electrical resistive heating. The
Li-8 generated at the target is guided to the SIS via a transfer tube. The SIS is made by the rhenium and heated up to
2400 K by the electric current. The temperatures of the target heater and the SIS were measured by a pyrometer during the offline test. In addition, the vacuum pressure of the
TIS was sustained lower than 10-4 Pa.

INTRODUCTION
The Korea Multi-purpose Accelerator Complex (KOMAC) has developed a secondary particle facility driven
by a 100 MeV proton linac. The fast neutron and Li-8 beam
will be served at this utilization facility. The fast neutron is
utilized in space/environment radiation test, and Li-8 beam
is supplied to a beta-detected nuclear magnetic resonance
(β-NMR) device. Thus, a target/ion source (TIS) has been
developed to generate Li-8 beam. A heating experiment of
the TIS was conducted at an offline test site. Then TIS was
installed in the target room of the 100 MeV proton linac.
Also, Li-8 beamline optics are designed and fabricated.
Details on the TIS target room and Li-8 beam optics will
be presented in the following sections.

Figure 1: Configuration of target/ion source developed by
KOMAC.

HEATING EXPERIEMENT OF TARGET/ION SOURCE
Numerical study for the design, the fabrication and the
offline test of the TIS were conducted [1]. The TIS consists
of beryllium oxide (BeO) disk targets, a target container
made by graphite, a target heater, a surface ionization ion
source (SIS) and ion source alignment instruments as depicted in Figure 1. The dimensions of the disk target are 48
mm in diameter and 1 mm thickness. Twenty-six targets are
installed in the target container. In order to prevent the dissociation of the BeO at high operation temperature [2], a
___________________________________________
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Figure 2: Heater and SIS temperatures measured at offline
and online test.
The TIS was moved and installed at the target room of
100 MeV proton linac after the offline test. An online heating experiment was conducted again. The temperatures of
the target heater measured at the offline and online test are
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ELECTROMAGNETIC FIELD OF A CHARGE MOVING THROUGH A
CHANNEL IN MAGNETIZED PLASMA∗
A.A. Grigoreva, A.V. Tyukhtin, S.N. Galyamin† , V.V. Vorobev, T.Yu. Alekhina
Saint Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg, 199034 Russia

Abstract

The electromagnetic field of a point charge moving along
a cylindrical channel axis in a boundless magnetized plasma
is considered. A model of cold plasma in an external infinitely strong magnetic field is used. The main focus is on
the analysis of the field near the charge trajectory. A deceleration force acting on the charge from the generated field is
investigated. The obtained results are compared with those
in the case of a charge moving along the channel inside a
cold isotropic plasma. It is shown that there is a range of
charge velocities where the decelerating force is less in the
case of magnetized plasma.

INTRODUCTION

In recent years, beam-plasma interactions are of essential
interest mainly due to their prospective applications in beamdriven plasma wakefield acceleration. For example, one
can expect accelerating fields up to tens of GV/m which is
at least an order higher compared to conventional rf cavity
technology. To now, probably the most promising plasmabased accelerating scheme is the hollow plasma channel
scheme where recent success with two proton bunches has
been achieved [1]. Various aspects of this technique are
extensively studied, including transverse wakes effects [2],
beam-breakup instability [3] and processes connected with
self-modulation of long proton driver bunches [4–7]. In this
context, it is useful to investigate possibilities for additional
tuning the structure of the accelerating field by the external
magnetic field applied to the plasma. In particular, such
a possibility has been shown for a charge traversing the
homogeneous plasma [8]. In this report, we take into account
a hollow channel in plasma and consider the specific case
of strongly magnetized plasma.

ANALYTICAL RESULTS

We consider the boundless cold magnetized plasma with
the vacuum cylindrical channel of radius a. The cylindrical
coordinate system having z-axis directed along the channel
axis is used. A point charge q moves with constant velocity
v® = cβ e®z (c is the speed of light in a vacuum) along the
channel axis. It is assumed that external magnetic field is
infinitely large thus the plasma permittivity tensor contains
only diagonal elements
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ε⊥ = 1,

ε∥ = 1 −

ω2p
ω(ω + iν)

,

where ω2p = 4πNe2 /m is the plasma frequency (N means
the electron density, e and m are the electron charge and
mass respectively), ν is the effective collision frequency. We
will consider the case of collisionless plasma, however an
infinitely small value of parameter ν will be used in further
analytical investigation to determine the relative position of
the integration path and functions singularities. It is also
assumed the plasma is described by magnetic permeability
µ = 1.

The electromagnetic field of a charge Er , Ez , Hϕ in the
plasma with channel can be written in the following form [9]:

 

(i) ® (i)
(r) ® (r)
®
®


 
E
,
H
+
E
,
H
for r ≤ a ,


® H® = 

E,

 E®(t), H® (t)
for r > a,

where E®(i) , H® (i) is the “incident” field (the field of the charge
in the unbounded vacuum), E®(r) , H® (r) is the “reflected” field
conditioned by the channel boundary at r = a and the E®(t) ,
H® (t) is the “transmitted” field in plasma. For the sake of
brevity, we give there only the longitudinal field component:


∫+∞
∫+∞
k2
iq
iωζ
−iωt
dω exp
Ez =
Ezω e
dω = −
π
ω
v
−∞

−∞



 (K0 (kr) − R(ω)I0 (kr))

× πs
(1)

 2kε T(ω)H0 (sr)
∥


for r ≤ a
for r > a

(1)

Here ζ = z − vt, k 2 (ω) = ω2 (1 − β2 )/v 2 , s2 (ω) = ω2 ε ∥ (1 −
p
β2 )/v 2 , pk(ω) =
k 2 (ω) (Re (k (ω)) > 0 for ω ∈ R),
2
s(ω) = s (ω) (Im (s (ω)) ≥ 0 for ω ∈ R); I0 (x), K0 (x) are
modified Bessel functions, H0(1) (x) is the Hankel function.
The reflection and transmission coefficients R(ω), T(ω) are
determined by the continuity conditions for the tangential
field components at the boundary r = a:
R (ω) =

ε ∥ kK0 (ka) H1(1) (sa) + sH0(1) (sa) K1 (ka)

,
ε ∥ k I0 (ka) H1(1) (sa) − sH0(1) (sa) I1 (ka)
2ε ∥
.
T (ω) = − 
(1)
πa ε ∥ k I0 (ka) H1 (sa) − sH0(1) (sa) I1 (ka)
The main attention further will be focused on the analysis
of decelerating force Fz = q Ez | ζ =r=0 acting on the charge.
Therefore, it is necessary to determine the integrand of the
expression (1) on the complex plane ω to calculate correctly
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MCP BASED DETECTORS OF EUROPEAN XFEL
Evgeny Syresin, Oleg Brovko, Alexander Grebentsov, Joint Institute for Nuclear Research, Dubna,
Russia
Mikhail Yurkov, DESY, Hamburg, Germany
Wolfgang Freund, Jan Grünert, European XFEL GmbH, Hamburg, Germany
Abstract
Radiation detectors based on microchannel plates
(MCP) are used for measurements of the SASE process of
the European XFEL. Detectors operate in a wide dynamic
range from the level of spontaneous emission to the saturation level (between a few nJ and 25 mJ) and in a wide
wavelength range from 0.05 nm to 0.4 nm for SASE1 and
SASE2 and from 0.4 nm to 4.43 nm for SASE3. Photon
pulse energies are measured by the MCPs with an anode
and by a photodiode. The MCP imager measures the photon beam image with a phosphor screen. Three MCP detectors are installed, one behind each SASE undulator
(SASE1, SASE2, and SASE3). Calibration and first experiments with the MCP detectors are under discussion.

about 103-104. The dynamic range of the MCP is 103104.
The MCP detector for SASE1&SASE2 (Fig.1) consists
of a silicon photodiode, three MCPs equipped with an anode as a pulse energy monitor and one MCP detector for
imaging the photon beam. The first MCP detector port
houses one silicon photodiode and two F4655 Hamamatsu
MCPs 18 mm in diameter. The PM 100-250 3D vacuum
manipulator displaces these MCPs in the horizontal direction within a range of 250 mm. The range of vertical displacement is 2.5 cm relative to the beam axis.

MCP DETECTORS
An important task of the photon beam diagnostics at the
European XFEL is providing reliable tools for measurements aimed at the search and fine-tuning of the FEL creating the SASE process (Self Amplified Spontaneous
Emission). The problem of finding SASE amplification is
crucial for the XFEL because of a large synchrotron radiation background. This requires a detector with a wide dynamic range, controllable tuning to the required wavelength range, and suppression of the unwanted radiation
background. The JINR-XFEL collaboration manufactured
MCP-based photon detectors as a primary tool for the
search for and fine tuning of the SASE process. Three MCP
devices [1,2] will be installed, one behind each SASE undulator of the European XFEL (SASE1, SASE2, and
SASE3).
Three different tasks can be fulfilled with the XFEL
MCP-based photon detectors [1,2]: study of the initial
stage of the SASE regime, measurement of the photon
pulse energy, and measurement of the photon beam image.
The MCP detector will resolve each individual pulse at a
repetition rate of 4.5 MHz. The following wavelength
ranges are to be covered by three MCP stations: 0.05-0.4
nm for MCP1 and MCP2 and 0.4-4.43 nm for MCP3.
The MCP detectors for SASE1 and SASE2 are installed
behind the deflecting mirrors [3-5]. The offset mirrors are
used for two distinctive and separate purposes. Firstly, during early commissioning they cut off high harmonics of
spontaneous radiation and improve the ratio of FEL/spontaneous intensity; secondly, they serve as additional attenuators of the radiation intensity. The diamond attenuator
and the Ce:YaG screen are installed in front of the first carbon coated offset mirror. The attenuation ranges of the
mirrors combined with the diamond plate attenuators are

Figure 1: View of SASE1 MCP detector.
The second detector port houses two MCPs: F4655 for
measurement of the pulse energies and the beam observation system (BOS) MCP (model BOS-40-IDA-CH/P-47)
40 mm in diameter with a phosphor screen. The BOS MCP
is set at an angle of 450 with respect to the photon beam
and a viewport allows imaging onto a CCD.
The MCP detector for SASE3 will have an additional
port with a movable semi-transparent mesh and wire targets to produce scattered FEL radiation similar to those
used at FLASH [6-8].
To search for the SASE mode, the CCD camera (Basler
avA1600-50gm) with a large field of view of about 90 mm
in diameter (MCP diameter of 40 mm and vertical displacement of ±20 mm) and a relatively small number of pixels
per mm was installed in the second port of the MCP detector for recording the phosphor screen image.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T26 Photon Beam Lines and Components
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EXPLOITING THE POTENTIAL OF ISOLDE AT CERN
(THE EPIC PROJECT)
R. Catherall†, T. Giles, G. Neyens, CERN-ISOLDE, Geneva, Switzerland

Abstract
The ISOLDE Facility at CERN is the world’s leading facility for the production of radioactive ion beams (RIBs)
using the ISOL (Isotope Separation On-Line) method,
providing RIBs at energies from 30 keV to 10 MeV/u for a
wide variety of experiments. To improve on its capacity to
deliver RIBs further from stability, the EPIC project takes
full advantage of recent investments by CERN to upgrade
the LHC injectors. In particular, the higher proton-beam intensity and energy from the new Linac4 and the PS-Booster
upgrade would inevitably produce higher radioactive ion
beam intensities further from stability. Sharing the protonbeam between two target stations that simultaneously feed
the low-energy and high-energy beamlines will more than
double the annual available beam time for experiments.
To take further advantage of enhanced beam time,
ISOLDE also aims to install a storage ring behind the HIEISOLDE post-accelerator to allow the storage of cooled exotic ion beams and thus opening up new possibilities in the
fields of astrophysics, fundamental symmetry studies,
atomic physics and nuclear physics. This paper outlines the
EPIC proposal covering the essential requests for a complete upgrade of the ISOLDE Facility.

INTRODUCTION

The ISOLDE Facility at CERN [1] is the world’s leading
facility for the production of radioactive ion beams (RIBs)
using the ISOL (isotope separation on-line) method,
providing RIBs at energies ranging from 30 keV up to 10
MeV/u for a wide variety of experiments in nuclear physics, astrophysics, fundamental physics, biophysics and materials research. The facility is yearly serving over 500 active users (and nearly 1000 occasional users) that essentially make up the European ‘low-energy’ nuclear physics
community. Within the next 5 years, this community can
expect to benefit from future new European ISOL-facilities
such as SPES at LNL, Italy [2] and Spiral 2 at GANIL,
France [3] as well as from the Canadian facility ARIEL at
TRIUMF [4] and RISP, IBS in South Korea [5]. However,
ISOLDE is unique in that RIBs are produced by the interaction of high-energy protons (1.4 GeV) on fixed targets,
providing a much wider range of RIBs. Yet much can be
gained in terms of efficiency and availability of nuclei produced at ISOLDE by taking full advantage of recent upgrades at CERN, driven by the LHC Injectors Upgrade
(LIU)[6].

To achieve this, the EPIC project proposes five key areas
of development:
 An increase in driver beam energy and intensity
 Two new target stations with a high resolution mass
spectrometer
 An upgrade of the HIE-ISOLDE post-accelerator
 The installation of a storage ring beyond the 10MeV/u
post-accelerator
 A new experimental hall
The implementation of these five upgrades will ensure
that ISOLDE remains at the forefront of nuclear physics,
and remains unique in its production and manipulation of
radioactive ion beams while providing at least a two-fold
increase in the availability of RIB for an expanding user
community.

DRIVER BEAM INTENSITY AND
ENERGY INCREASE
In 2019, CERN entered its second long shutdown period
where major upgrades in the accelerator complex are foreseen. This includes the connection of Linac 4, the new injection accelerator, to the PS-Booster and an upgrade of the
latter to increase the proton-beam energy from 1.4 to 2GeV.
Linac 4 will have a new ion source that will ultimately be
able to double the present p-beam intensity to ISOLDE.
The production rate of radio nuclei is linearly proportional
to the proton-beam intensity therefore; any increase in intensity will have a direct improvement on production rates
at ISOLDE.
Recent simulations of the production process from a
2 GeV proton beam have demonstrated that in some areas,
notably for proton rich nuclei from the spallation process,
a gain of up to 40 in production rates may be achieved.
Simulations have also revealed higher yields in the fission
and fragmentation regions.
Although these gains will benefit experiments requesting radio nuclei far from stability, not all experiments require maximum proton-beam power. Sharing the protonbeam between multiple target stations would allow different experiments to operate simultaneously.
There are two main obstacles to overcome these new pbeam parameters at ISOLDE; one is the necessity to replace the existing beam dumps originally designed for
1.4 GeV protons and 2 µA to cope with the factor of four
increase in proton beam power. The other is the modification of the bending magnets in the transfer line from the
PS-Booster to ISOLDE in order to accommodate a p-beam
energy of 2 GeV. Both upgrades are technically feasible but
require at least 18 months for their installation.

___________________________________________
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GENERATION AND DELIVERY OF AN ULTRAVIOLET LASER BEAM
FOR THE RF-PHOTOINJECTOR OF THE AWAKE ELECTRON BEAM
V. N. Fedosseev †, F. Batsch, C. Capelli, E. Chevallay, N. Chritin, S. Doebert, T. Feniet, F. Friebel,
P. Gander, E. Granados, E. Gschwendtner, J. Hansen, C. Hessler, H. Panuganti, K. A. Szczurek,
CERN, 1211 Geneva 23, Switzerland
M. Hüther, M. Martyanov, J. T. Moody, P. Muggli,
Max Planck Institute for Physics, 80805 Munich, Germany
Abstract
In the AWAKE experiment, the electron beam is used to
probe the proton-driven wakefield acceleration in plasma.
Electron bunches are produced using an rf-gun equipped
with a Cs2Te photocathode illuminated by an ultraviolet
(UV) laser pulse. To generate the UV laser beam a fraction
of the infrared (IR) laser beam used for production of rubidium plasma is extracted from the laser system, timecompressed to a picosecond scale and frequency tripled using nonlinear crystals. The optical line for transporting the
laser beam over the 24 m distance was built using rigid
supports for mirrors and air-evacuated tube to minimize
beam-pointing instabilities. Construction of the UV beam
optical system enables appropriate beam shaping and control of its size and position on the cathode, as well as time
delay with respect to the IR pulse seeding the plasma wakefield.

GENERATION OF THE UV BEAM
The AWAKE laser installation is located in the underground TSG40 tunnel which was refurbished and equipped
according to requirements for clean laser room [8]. The laser system CENTAURUS supplied by Amplitude Technology comprises a mode-locked fibre laser oscillator, pulse
stretcher, a series or Ti:Sapphire amplifiers associated with
Nd:YAG pumping lasers and two pulse compressors as
shown on Fig. 1. The output of the main amplifier consists
of two IR laser beams with central wavelength of 780 nm.
The main (primary) beam is injected into vacuum system
where pulses with energy up to 660 mJ are compressed to
120 fs and transported further (450 mJ maximum) to the
rubidium vapour source for producing the plasma. The secondary IR beam with 2 mJ pulses at the repetition rate of
10 Hz is perfectly synchronized with pulses of the main laser beam since it originates from the same oscillator.

INTRODUCTION
The Advanced Proton Driven Plasma Wakefield Acceleration Experiment (AWAKE) aims at studying plasma
wakefield generation and electron acceleration driven by
proton bunches [1, 2]. In the AWAKE experiment a
400 GeV proton beam is extracted from the CERN Super
Proton Synchrotron, SPS, and utilized as a drive beam for
wakefields in plasma to accelerate electrons from 19 MeV
energy up to 2 GeV [3]. A plasma is generated in a 10 m
long rubidium vapour source via the over-the-barrier ionization by high intensity laser field. The short laser pulse
propagating co-axially with the proton beam seeds a selfmodulation process within the proton bunch on the front of
plasma creation. Thus, the long SPS proton bunch
(z=12 cm) is transformed into a train of micro-bunches
driving the periodic wakefield [4, 5].
An electron beam for AWAKE is supplied by the electron beam accelerator consisting of an rf-gun and a booster
structure [6, 7]. The electron bunch in the rf-gun is produced using a photoemission driven by an UV beam generated from the same laser source. In this paper, we present
the design of the UV beam line and results of its commissioning regarding IR/UV conversion, beam pointing stability, and means of beam control and monitoring. Measurements of electron beam emittance and extracted bunch
charge in relation to the UV beam parameters enabled
achieving optimal performance of the electron beam during
AWAKE runs.
___________________________________________
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Figure 1: Layout of the AWAKE laser installation.
The secondary beam was used to produce pulsed UV
light required to generate electron bunches in the AWAKE
experiment. It was produced by third harmonic generation
(THG) of the compressed IR pulse using the THG Extended Femtokit FKE-800-100-10M from EKSMA Optics.
It was possible to control the UV pulse duration by
changing the distance between diffraction gratings (1500
lines/mm) in the secondary beam pulse compressor. The
plot on Fig. 2 shows the FWHM duration of the IR and UV
pulses measured using the streak camera Hamamatsu
C10910-05 equipped with S-20ER photocathode and UV
compatible optics. The second grating was linearly translated and for each grating position 500 pulses of IR and UV
light were recorded. Two approaches were applied for the
analysis of the images: i) all 2D-profiles were aligned on
their centres and summed up, the widths of resulting profiles are displayed by symbols marked “IR, sum” and “UV,
sum”; ii) a value of pulse duration was extracted from each
measured profile and averaged afterwards. These points are
THPGW054
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IMPROVING HIGH PRECISION CAM MOVER’S STIFFNESS
J. Kemppinen∗ , H. Mainaud Durand, A. Herty, CERN, Geneva, Switzerland
CAM MOVER DESIGN

Abstract
Pre-alignment is a key challenge of the Compact Linear
Collider (CLIC) study. The requirement for CLIC main
beam quadrupole (MBQ) alignment is positioning to within
1 µm from target in 5 degrees of freedom (DOF) with ± 3 mm
travel. After motion, the position should be kept passively
while the system’s fundamental frequency is above 100 Hz.
Cam movers are considered for the task. Traditionally they
are used for the alignment of heavier magnets with lower
accuracy and stiffness requirement. This paper presents a
new CLIC prototype cam mover with design emphasis on
the fundamental frequency. A finite element method (FEM)
model predicts the mode shapes and eigenfrequencies of the
system and can be used for further improving the design.
Experimental modal analysis (EMA) of the prototype shows
that the prototype’s fundamental frequency is at 44 Hz. It
also validates the FEM model.

INTRODUCTION

This is a preprint — the final version is published with IOP

Cam movers are widely used in particle accelerator alignment. They can position loads up to several tons with the
precision of tens of µm or below. In most cases this is
enough, but at the Taiwan Photon Source, also dynamic stiffness was important. They are using a six-axis cam mover,
with axis movement resolution of 1 µm. After positioning,
they use separate clamping devices to stiffen the structure.
They reached a fundamental frequency of 24 Hz without and
30 Hz with the clamping. [1]
In the Compact Linear Collider (CLIC) study, the design
considerations are somewhat different. Cam movers with
five degrees of freedom (DOF) are planned to be used in
active pre-alignment of the main beam quadrupoles (MBQ).
There are four types of MBQs to align, masses of which
vary between 200 kg and 800 kg. The CLIC positioning
requirement is to have both ends of the MBQ along the
beam line within 1 µm in X- and Y-directions. In addition,
the beam line roll should be below 100 µrad and translation
along the beam should be blocked (not controlled). [2]
After positioning, the cam mover should provide stiff support so that the fundamental frequency is above 100 Hz. In
this study, the design considerations that bring cam movers
closer to the CLIC stiffness requirement while preserving
the positioning accuracy are discussed. Emphasis is on the
lightest CLIC MBQ because it poses challenging space requirements to the cam mover. The dimensions of the lightest
MBQ together with its accessories are 460 mm x 377 mm x
500 mm (WxLxH).
∗
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Stiffness was taken into consideration in all design aspects
of the new CLIC cam mover prototype. The left side of
Fig. 1 shows a previous CLIC prototype version where only
positioning resolution and space restrictions were taken into
account. Each of the five axes has its own body which also
includes the gearbox and stepper motor. The axes are bolted
together on a support plate.
The middle of Fig. 1 shows the new prototype cam mover.
Extra space allowance was found in the vertical direction
and this was taken advantage of. At the same time, it was
decided that all five axes should be in one body. The polymer
concrete body is manufactured by Schneeberger Mineralgusstechnik s.r.o. The technology is expensive when only
a prototype is manufactured due to the design and manufacturing costs of the mould. But in CLIC, hundreds if not
thousands of cam movers would be needed. In serial production, polymer concrete is a cost-effective choice. The
actual common axis housing is made of EN AW-7075 (T6)
aluminium and it is bolted and glued to the polymer concrete
body.
Figure 2 shows the difference between a single axis of
the old CLIC design (left) and the new one (right). The
camshaft of the new prototype is thicker than in the old one
and it is made of hardened 42CrMo4 steel. The camshaft is
attached to the housing with an SKF NU 2305 ECJ radial
roller bearing (radial support) in one end and a back-to-back
configuration of SKF 31305 J2 tapered roller bearings (radial
and axial support) in the other end.
The right side of Fig. 1 shows a CLIC MBQ together with
its accessories. It sits on the cam mover so that the five
interface planes — four inclined and one horizontal — are
in contact with the eccentric disc parts of the five camshafts.
This means that five contact regions define the MBQ position
and, to a large extent, the system’s stiffness. Possibly the
most important difference between the old axis design and
the new one is that the bearing around the eccentric part of
the camshaft is removed. The bearing around the eccentre
makes positioning smooth because there is no sliding but
rolling between the two surfaces in contact. However, the
bearing is detrimental to the system’s stiffness.
It can be seen in Fig. 2 that the new camshaft is crowned.
This is in order to make sure that the location of the contact
region is controlled. The crown radius was originally set
to 500 mm because big radius means large contact area and
thus high contact stiffness. It was later changed to 130 mm
which is easier to manufacture.
Each axis is driven by a stepper motor through a worm
gear and a belt drive. The worm gear’s gear ratio is 70 which
makes it self-locking. This is a useful feature as it both
keeps the cam mover’s position and provides the axis with
torsional support.
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HL-LHC FULL REMOTE ALIGNMENT STUDY
A. Herty, R. De Maria, P. Fessia, D. Gamba, M. Giovannozzi, J. Hansen,
I. Lamas Garcia, H. Mainaud Durand, S. Redaelli, CERN, 1211 Geneva 23, Switzerland

Abstract

This study explores the benefits of extending the
monitoring and remote alignment concept, proposed in the
HL-LHC baseline, to additional components of the matching
sections of the HL-LHC. The objective of this study was to
evaluate the benefits in terms of equipment performance and
new opportunities for system simplification.
In collaboration with the HL-LHC Working Group on
Alignment, critical input parameters such as ground motion,
manufacturing, assembly, and alignment tolerances, have
been quantified. Solutions for the selected, manually aligned
components have been investigated with the particular focus
on vacuum design, mechanical design and the new alignment
concept compatible with reliability and maintainability
requirements. In this context, collimators and masks are key
elements to be included in the extended alignment system. A
solution is under study to integrate their supporting systems
with the concept of on-line monitoring sensors and an
actuator-based, remote alignment platform.
The full remote alignment of components will have a
positive impact on machine operation by reducing the need of
human intervention in the tunnel and by providing enhanced
flexibility to perform the required alignment adjustment as
part of an operational tool for the HL-LHC.

INTRODUCTION

The High Luminosity Large Hadron Collider (HL-LHC)
project aims at providing instantaneous luminosities a factor
of five larger than the LHC nominal value. The main
approach to achieve this goal is the replacement of 1.2 km of
accelerator components in the Long Straight Sections (LSS)
situated around the ATLAS and CMS interaction points
(IPs) [1–4].
This goal entails also challenges for the alignment teams
as all components in the LSS have to be adjusted to
better than 150 µm in the transverse directions. In order
to provide adequate alignment capabilities, in particular
during operation, a new concept is proposed in the HL-LHC
Technical Design Report [5, 6]. The alignment foresees to
have permanent monitoring and remote alignment systems
that will cover the main components from Q1 to Q5 in a
section of approximately 210 m on each side of the IPs. The
Full Remote Alignment (FRA) study was launched with the
aim to investigate the possibility of extending this concept to
all components of the LSS up to Q5 together with possible
operational and cost-saving benefits.

FULL REMOTE ALIGNMENT STUDY

The study was promoted taking into account three
motivations. Firstly, in the initial baseline, only the main
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components were equipped with motorised actuators and
monitoring sensors as illustrated in the upper layout in
Fig. 1. That implies that the alignment teams would have to
spend a significant amount of time in the tunnel in order to
adjust manually all intermediate components. Extending the
remote alignment to intermediate components leads to the
reduction in exposure of personnel to radiation by limiting
the number of on-site interventions and optimising the workflow.
Secondly, the development of a six-degree-of-freedom
alignment platform allows for new options to host
equipment [7]. The platform adapts, after individual
design for the concerned component, to various alignment
scenarios: full remote with resident motors, semi-automatic
with plug-in motors, or manually [8].
Finally, the previous points are evaluated for compatibility
with the optimisation of the matching section (MS) where
important synergies have been identified [9].
The FRA provides significant advantages for HL-LHC
beam operation as it can provide mitigation measures for
various issues [10]:
• Possible misalignment between the detector and the
accelerator can be corrected after the completion of the
detector installation;
• the yearly transverse offsets induced by ground motion
can be corrected in five degrees of freedom;
• FRA provides a tool to eliminate or at least minimise
the residual alignment errors using the beam as actual
reference for a relative alignment (smoothing) and
• it allows to cope with unexpected sources of
misalignment and thus avoiding reduction of physics
time.
In addition to these technical advantages, the FRA will
reduce significantly the exposure of personnel to radiation.
The implementation of a FRA system will, in particular,
reduce the possible downtime needed for realignment after
the beam commissioning during the first year of Run 4.

ALIGNMENT SCHEME
In order to be FRA compliant, the various steps during
beam commissioning and the subsequent operation have
been studied based on the features of the alignment schemes.
The beam commissioning steps are based on the
assumptions that no beam aperture losses appear and no
large orbit corrections are needed. The time gained in the
alignment process, a couple of hours compared to several
weeks, results in higher integrated luminosity as a higher
machine availability is possible. The FRA allows to proceed
with the LSS alignment in the following way:
1. During the installation phase, the accelerator
components are aligned from Q7 situated on the left
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DESIGN AND STUDY OF A 6 DEGREE-OF-FREEDOM UNIVERSAL
ADJUSTMENT PLATFORM FOR HL-LHC COMPONENTS
M. Sosin, T. Blaszczyk, H. Mainaud Durand, A. Herty, J. Jaros, CERN, Geneva, Switzerland

Abstract
In the accelerator domain, the safe and easy alignment of
components located in radioactive areas is a main concern.
The position of devices, such as magnets and collimators,
has to be adjusted in a fast and ergonomic way to decrease
the ionizing dose received by the personnel. Each equipment type has its own unique set of requirements such as
the weight, or the desired position accuracy. The two opposite approaches are, on one hand, a simple and time-consuming manual adjustment, using regulating screws and
shims, and on the other hand, the use of precise and expensive automatic positioning stages and platforms. In the
frame of the High Luminosity LHC project, in order to fulfil the safety and technical requirements of alignment for
lightweight components, a standardised system is under
development. Its target is to provide an easy, low-cost and
fast adjustment capability for several type of components
that could be embarked on it. This paper describes the design, the study and the test results of such a universal adjustment solution. The engineering approach, the lessons
learned (“know how”), the issues to be addressed and the
mechanical components behaviour are presented.

INTRODUCTION

The LHC will increase its integrated luminosity by a factor 10 beyond its original design value with the replacement of more than 1.2 km of components in the Long
Straight Sections (LSS) around the ATLAS and CMS detectors [1]. In order to ease the adjustment of the lighter
components of the LSS, mainly vacuum equipment, beam
instrumentation and collimators, a Universal Adjustment
Platform (UAP) is proposed as a part of the Full Remote
Alignment strategy adopted for the HL-LHC baseline [2].
The UAP has all the adjustment knobs located on the
transport zone side and provides an intuitive repositioning
kinematics. A concept of adjustment platform is proposed
and qualified, to be integrated, scaled and easily adapted
by the equipment owners to support their components. After a description of the platform itself, the first prototype
and the associated results of the qualification tests are detailed.

UNIVERSAL ADJUSTMENT PLATFORM

Description of the Platform
The UAP performs the adjustment of lightweight (less
than 2t) accelerator components, with accuracy of ±50 µm,
by using a set of standardised joints and adjustment jigs.
Figure 1 shows the conceptual schematic of the typical
UAP mechanics and groups all main subcomponents of the
system. Each UAP consists of three subcomponents (Figure 1):
THPGW058
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 The Top plate (green in Figure 1) is the support for
the accelerator equipment to be adjusted. This part is
customizable by the platform equipment owner and
can be adapted to the needs of the supported equipment;
 The Bottom plate (blue in Figure 1) is the stationary
platform base, fixed to the tunnel floor support. This
part includes adjustment jigs and knobs axes. It can be
also customizable by the user;
 A set of standardised components: vertical adjustment
jigs, radial adjustment jigs, joints and knobs, which
are used to adjust the position of the Top plate w.r.t.
the Bottom plate.
The UAP standardised components will be produced in
series to decrease the overall cost of the system.
The equipment owner (user of the specific UAP) will be in
charge of the design and integration of the Top and Bottom
plates and to scale them to the dimensions of the component installed on the Top plate. The design process is assisted by the UAP design guidelines.
An initial survey of the possible use cases of the platform
for HL-LHC components showed that platforms could be
divided into two categories:
 Smaller components weighing less than 300 kg
(Small UAP), i.e. for valves, beam position monitors;
 Heavier equipment, weighing less than 2000 kg (Big
UAP), i.e. for collimators and small masks.
The design methodology for Small and Big UAP will be
the same, however each type will need a dedicated family
of joints and adjustment jigs to comply with the maximum
load requirements.

Figure 1: UAP conceptual schematic.

Operation Scenarios

Since the regulation knobs will all be present on the
transport side of the platform, three possible operation scenarios can be implemented:
 Manual operated UAP (Figure 2a) – in the low radiation zones, where longer personnel access is possible;
 Fully motorized UAP (Figure 2b) – for high radiation
zones, where limited or no access is provided;
MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
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LASER-PLASMA ACCELERATION MODELING APPROACH IN THE
CASE OF ESCULAP PROJECT
V. Kubytskyi† , C. Bruni, K. Cassou, V. Chaumat, N. Delerue, D. Douillet, S. Jenzer,
H. Purwar, K. Wang, LAL,CNRS/IN2P3, Universite Paris-Saclay, Orsay, France
Rui Prazeres, CLIO/LCP, Orsay, France,
Elsa Baynar, Moana Pittman, CLUPS, Orsay, France
David Garzella, CEA/IRFU, Gif-sur-Yvette, France
J. Demailly, O. Guilbaud, S. Kazamias, B. Lucas, G. Maynard, O. Neveu, D. Ros,
CNRS LPGP Univ Paris Sud, Orsay, France
Abstract
Objective of ESCULAP project is the experimental study
of Laser-Plasma Acceleration (LPA) of relativistic electron
bunch from photo-injector in 9 cm length plasma cell [1].
In parallel, numerical tools have been developed in order
to optimize the setup configuration and the analysis of the
expected results. The most important issue when dealing
with numerical simulation over such large interaction distances is to obtain a good accuracy at a limited computing
cost in order to be able to perform parametric studies. Reduction of the computational cost can be obtained either
by using state-of-the-art numerical technics and/or by introducing adapted approximation in the physical model. Concerning LPA, the relevant Maxwell-Vlasov equations can
be numerically solved by Particle-In-Cell (PIC) methods
without any additional approximation, but can be very computationally expensive. On the other hand, the quasi-static
approximation [2], which yields a drastic reduction of the
computational cost, appears to be well adapted to the LPA
regime. In this paper we present a detailed comparison of
the performance, in terms of CPU, of LPA calculations and
of the accuracies of their results obtained either with a highly
optimized PIC code (FBPIC [3]) or with the well known
quasi-static code WAKE [3]. We first show that, when considering a sufficiently low charge bunch for which the beam
loading effect can be neglected, the quasi-static approximation is fully validated in the LPA regime. The case of a
higher bunch charge, with significant beam loading effects,
has also been investigated using an enhanced version of
WAKE, named WAKE-EP. Additionally, a cost evaluation,
in terms of used energy per calculation, has been done using
the multi-CPU and multi-GPU versions of FBPIC.

INTRODUCTION
The laser parameters for ESCULAP project are : max
power of 50 TW, waist of 50.5 µm, duration of 38.2 fs, a reduced potential a0 = 0.7 and a wavelength λ0 = 0.8µm . An
electron bunch is injected at the entrance of the plasma with
a charge Q, a transverse rms size σr = 10.0µm, a longitudinal rms size σz = 5.0 µm, a normalised emittance 1µm, and
an average energy of 10 MeV with a rms dispersion of 0.5 %.
The plasma cell has a length of 9 cm with a uniform electron
†
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density of 2 × 1017 cm−3 . The laser focal plane is placed
4 cm after the entrance of the plasma, the focusing zone
being used to compress the electron bunch before maximal
acceleration in order to reduce the emittance and the dispersion in energy [1, 4]. Numerical studies of the injection and
acceleration of low charge bunch was performed in [1, 4]
with quasi-static code WAKE. In the present paper we characterise acceleration of Q = 1-30 pC e- bunch in order to
determine the importance of beam loading effect, which is
the influence of the field generated by the bunch charge and
current. In-depth study of the beam loading effect for LPA
of an injected bunch was performed in [5] at Q=30pC but at
much higher electron energy and laser intensities.
The PIC simulations of LPWA were performed with the
FBPIC code using cylindrical grids with azimuthal decomposition and dispersion-free field solver [3]. The calculations
have been done on CPU / GPU and in cluster environment
using a moving window with the boosted frame technique,
which allows to greatly speed up the PIC simulation.

NUMERICAL MODELING
Computational Domain Parameters
In our PIC simulation, the moving window has a longitudinal size of 120 µm, the number of grid points being
4000, which leads to ∆z ≈ λ0 /30. Its radial size is 600 µm,
which is 3 times the waist of the laser at the entrance of the
target. The number of radial cells is 600 and the number of
macro-particles per cell is 24. Numerical convergence of
our simulation was checked on one calculation with a much
larger grid of 6000x1500 cells. For the Wake calculations
a similar moving window is used, however, thanks to the
envelope approximation, the number of longitudinal cells is
only 800.

Benchmarking
In Table 1 we present the average computing time for calculating 9 cm propagation in plasma using either WAKE-EP
or FBPIC with a boosted-frame Lorentz factor of 5 . In
case of FBPIC, we checked multi-CPU using only OpenMP
with 48 cores or MPI-OpenMP with 7x20 cores. GPU calculations were also performed using two Nvidia Tesla V100
GPU. Without boosted frame the FBPIC simulation is 20
times longer. Simulation on GPU in boosted frame takes
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Abstract

INTRODUCTION

The measurement of the branching ratio BR(K L → π 0 νν)
offers enticing prospects for testing several potential models
for new physics [1]. The KLEVER experiment would be the
capstone in the CERN kaon program, following the NA31,
NA48 and NA62 experiments. This paper will briefly lay out
the physics case for KLEVER, and then focus on the challenges the proposed measurement poses for the adaptations
required in the K12 beamline.

MOTIVATION

NA62 has recently found a first signal candidate; the first
step to measuring BR(K + → π + νν) [2]. KLEVER is under
design to measure the neutral equivalent: BR(K L → π 0 νν).
These measurements together constitute a method of determining the Cabibbo-Kobayashi-Maskawa (CKM) unitarity
triangle, independently of B-physics. A large advantage is
that their values in the Standard Model have been calculated
to high precision. The combination of the expected measurements from NA62 and KLEVER forms a particularly
powerful probe of several potential new physics scenarios;
as summarized in Fig. 1.

EXPERIMENTAL LAYOUT

KLEVER can be separated into the beamline and the
detectors surrounding the decay volume. The experiment
∗
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Figure 1: SM prediction for BR(K → πνν) with new
physics scenarios overlaid, from [1]: CKM-like models
with minimal flavour violation (green), models with flavourviolating interactions in which left-handed or right-handed
couplings dominate (blue) and more general models (e.g.,
Randall-Sundrum, red).

requires an intense beam of K L mesons, which is generated
by a 400 GeV/c proton beam derived from the SPS that is
incident on a target at a downwards vertical angle. The closer
to zero the angle is, the higher the rate of K L per solid angle.
The angle of incidence was set to 8 mrad following a series
of studies on the spectra of all neutral particles produced. A
key background for KLEVER is from the Λ baryon decaying
as Λ → nπ 0 with the neutron potentially undetected. This
decay resembles the KLEVER signal decay: a single π 0
with significant missing momentum. This background was
suppressed heavily by going to an 8-mrad angle of incidence,
because the production of Λ falls off quicker as a function
of angle than the K L . The Λ momentum spectrum also falls
off much more quickly at higher angles. Because of the long
lifetime of the K L relative to the Λ, this greatly reduces the
number of Λs that decay in the fiducial volume. The residual
Λ background is removed by means of kinematic cuts.
The beamline consists of a combination of magnets and
collimators to select the neutral beam. A strong magnet is
placed directly after the target to sweep the primary protons further downward and dump them on the combined
dump/collimator (TAX). The beam is derived in a horizontal line from the target, passes through the TAX collimator,
and subsequently encounters the defining and cleaning collimators. The defining collimator is the narrowest relative
to the beam divergence. The cleaning collimator removes
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The KLEVER experiment is proposed to run in the CERN
ECN3 underground cavern from 2026 onward. The goal of
the experiment is to measure BR(K L → π 0 νν), which could
yield information about potential new physics, by itself and
in combination with the measurement of BR(K + → π + νν)
of NA62. A full description will be given of the considerations in designing the new K12 beamline for KLEVER, as
obtained from a purpose made simulation with FLUKA. The
high intensities required by KLEVER, 2 × 1013 protons on
target every 16.8 s, with 5 × 1019 protons accumulated over
5 years, place stringent demands on adequate muon sweeping to minimize backgrounds in the detector. The target and
primary dump need to be able to survive these demanding
conditions, while respecting strict radiation protection criteria. A series of design choices will be shown to lead to a
neutral beamline sufficiently capable of suppressing relevant
backgrounds, such as photons generated by π 0 decays in the
target, and Λ → nπ 0 decays, which mimic the signal decay.
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Abstract

Project Scope

The East Area at the Proton Synchrotron is one of the
intensely used facilities at CERN, serving for over 56 years
beams nowadays to more than 20 user teams and
experiments for about 200 days of running each year.
Besides primary proton and ion beams for the irradiation
facilities IRRAD and CHARM, mixed secondary beams of
hadrons, electrons and muons within a range of 0.5 GeV/c
to 12 GeV/c are provided. The CERN Management
approved an upgrade and a renovation of the full facility to
meet reliably future beam test and physics requirements.
We present a new, flexible beam design that will assure
better purity of the secondary beams, even with the new
possibility of highly pure electron, hadron or muon beams.
The upgrade also includes a pulsed powering scheme with
energy recovering power supplies and new laminated
magnets that will reduce both power and cooling
requirements. The renovation phase has started already and
first beams in the new facility will be delivered from 2021
on.

During the last years, operation in the East Area has been
slowed down because of technical issues, mainly related to
failures and damages of magnets and power supplies.
Replacing a magnet in the primary zone requires certain
accessibility conditions, e.g. the opening of the primary
area roof over a length of 6 m. Furthermore, magnets
belong to more than 20 different types, i.e. having spares
available in case of a breakdown would generate additional
costs. In addition, the DC supplied magnets imply a high
energy consumption in spite of a very low operational duty
cycle.
The CERN Management has approved the East Area
Renovation Project, for which the reshaping of the whole
area is engaged, including beam optics and infrastructure.
The redesign of the beam lines will reduce the various
magnet families drastically and improve the radiation
situation, especially in the primary zone. It will therefore
contribute to better maintainability of this experimental
area. Furthermore, a new, pulsed powering scheme with
laminated magnets and energy recovering power supplies
will considerably contribute to energy savings. Finally, the
building will be modernised to fulfil the latest safety
requirements. This whole study is documented in [1].

INTRODUCTION

Current Facility
The East Area is among the oldest CERN’s facilities, in
which beam tests, experiments and irradiations are hosted
since the 60’s. The primary beam is extracted from the
Proton Synchrotron by a third-order resonance method.
Usually around five extractions per overall PS super-cycle
of typically 40 s take place; however, it depends both on
users other than PS ones and on schedule constraints,
respectively. The primary proton beam, whose momentum
is 24 GeV/c, is commonly extracted within 2.4 s cycles
during a 400 ms long flat top with a nearly constant rate.
Particle beams are then transported by the F61 beam line
towards the experimental hall. In order to serve either the
North branch, leading to a production target feeding the
secondary beams, or the irradiation facilities (namely
CHARM and IRRAD), a dedicated magnet can switch the
beam. If the whole CERN accelerators complex operates
with ion beams, only these two irradiations facilities can be
served. Finally, the North branch offers two secondary
beam lines for R&D detector tests and calibrations (T9 and
T10), and one secondary beam line dedicated to the
CLOUD experiment (T11). Their momentum can reach 10
GeV/c, 6 GeV/c and 3.5 GeV/c respectively.
___________________________________________
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NEW BEAM LINE LAYOUT
The East Area renovation starts directly after the
extraction from CERN’s Proton Synchrotron. The main
characteristics of the extraction remain the same as well as
the optical elements. Renovation is focused on all beam
lines, i.e. the transfer line to the secondary targets (now
called F61, F62 and F63), the primary beam towards the
irradiation facilities (T08), and finally the secondary beam
lines (T09, T10 and T11). Optics have been calculated with
the help of TRANSPORT [2].

Figure 1: 3D layout of production targets and dump.
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Abstract
Physics Beyond Colliders is an exploratory study aimed
at exploiting the full scientiﬁc potential of CERN’s accelerator complex up to 2040 and its scientiﬁc infrastructure
through projects complementary to the existing and possible future colliders. Within the Conventional Beam Working Group (CBWG), several projects for the M2 beam line
in the CERN North Area were proposed, such as a successor for the COMPASS experiment, a muon programme for
NA64 dark sector physics, and the MuonE proposal aiming
at investigating the hadronic contribution to the vacuum
polarisation. We present integration and beam optics studies for 100 – 160 GeV/c muon beams as well as an outlook
for improvements on hadron beams, which include RFseparated options and low-energy antiproton beams and radiation studies for high intensity beams. In addition, necessary beam instrumentation upgrades for beam particle
identiﬁcation and momentum measurements are discussed.

INTRODUCTION

The emphasis of the CBWG studies lies on the large
number of fixed target proposals for the North Area which
comprises two surface halls, EHN1 and EHN2, and an underground cavern, ECN3. A schematic of the North Area is
presented in Fig. 1. This paper will present the proposals
made at the M2 beam line [1], which delivers high-energy

Figure 1: Layout of CERN North Area.

and high-intensity muon and hadron beams towards the experimental hall, EHN2, as well as low-intensity electron
beams for detector calibrations.

THE EHN2 PROJECTS

The muon beam proposals made for the M2 beam line
include:

 A future QCD facility [2] at M2 which is the successor
of COMPASS [3] with proposals for a proton radius
measurement and Deep Virtual Compton Scattering
(DVCS)/Deep Virtual Meson Production (DVMP)
measurements.
 The MuonE experiment [4] which intends to measure
the hadronic vacuum polarisation as the main contributor to the uncertainty of the gµ-2 measurement. It requires a parallel 150 GeV/c muon beam with maximal
intensity of 5x107/s. The longitudinal size of the experiment is expected to be 40 m - 60 m.
 The NA64 experiment [5] which proposes to search
for dark matter coupling specifically to muons in two
experimental phases - Phase 1 and 2. Phase 1 requires
a parallel muon beam of 100-160 GeV/c with intensity
in the order of 105-106 µ/s and a space of 20 m. For
Phase 2 an installation inside the SM2 magnet of
COMPASS is requested to be able to utilise the COMPASS spectrometer. The requested intensity for this
phase is 107 µ/s.

CBWG STUDIES FOR THE M2 PROJECTS
Compatibility and Integration
For the muon program of all experiments the case of simultaneous installation and even operation of at least two experiments was studied, for the latter under the assumption
that the beam momentum and intensity required will be the
same for all experiments under consideration. Two possibilities were identified - downstream of the present COMPASS setup with an available space of 14.5 m and upstream
of the COMPASS setup, where the present CEDAR detectors are housed, with an available space up to 40 m. The
downstream option was deemed more suitable as a test
beam setup and the upstream option was identified suitable
for NA64µ Phase 1 or MuonE with minor modifications to
the beam. Optics were studied with TRANSPORT [6] and
the beam distribution was checked with HALO [7] software to have a parallel, small beam in that location together
with a focussed beam downstream for COMPASS/NA64
Phase 2. The tentative optics for such a case is shown in
Fig. 2 with the beam parameters in Figs. 3,4. The 3 m iron

___________________________________________
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Abstract

For many decades the CERN North Area facility at the
Super Proton Synchrotron (SPS) has delivered secondary
beams to various fixed target experiments and test beams.
In 2018, two new tertiary extensions of the existing beam
lines, designated “H2-VLE” and “H4-VLE”, have been
constructed and successfully commissioned. These beam
lines have been designed to provide charged particles of
both polarities in the momentum range from 0.3 GeV/c to
12 GeV/c. During the design phase, multiple simulation
tools and techniques have been employed to optimize the
tertiary beam line layout in terms of particle production,
transverse beam dynamics and particle identification on an
event-by-event basis. In this paper, a comparison of the
simulated performance and the first measurement results
obtained during the commissioning phase are presented.

INTRODUCTION

The CERN North Area facilities provides mixed secondary charged particle beams in the momentum range of
10 GeV/c up to 400 GeV/c. In 2018, this spectrum has been
enlarged by two tertiary very low energy (VLE) beam
lines, denoted H2- and H4-VLE, extending the existing H2
and H4 beam lines (see Fig. 1). These new lines are designed for providing charged particle beams of both polarities in the range of 0.3 GeV/c to 12 GeV/c. Their conceptual design principles are described in [1] together with an
illustration of the area is presented. Presently, these tertiary
branches are serving two large-size prototype time projection chambers based on Liquid Argon technology, for the
future Deep Underground Neutrino Experiment (DUNE)
[2]. In 2018, both new beam lines have been successfully
commissioned. In the present work, measurements performed during the commissioning phases in both beam
lines are presented and compared with the lines’ simulated
performance, optimized both using beam optics codes [3]
and fully detailed Monte-Carlo simulations. Furthermore,
the particle identification potential of these beam lines is
___________________________________________
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discussed using the instrumentation recently developed for
this purpose.

DESIGN AND INSTRUMENTATION
The generation of the tertiary particles requires the
transport of a secondary mixed beam, over about 600 m,
via the existing H2 and H4 beam lines to two secondary
targets, located at the beginning of the VLE beam lines.
The intrinsic coupling between the available momenta of
H2 and H4 secondary beams imposed the choice of opposite charges for the two beam lines: for H2 (H4) a negatively (positively) charged beam of 80 GeV/c was setup.
To optimize the flux and composition of the VLE beams,
tungsten was chosen as target material for generating the
tertiary particles for beam momenta up to 3 GeV/c, while
copper was used above 3 GeV/c. The required momentum
selection is performed by bending dipoles combined with
a momentum-defining collimator present in each beam
line. The beam optics of both lines have been extensively
studied in various beam optics codes, e.g. MAD-X/PTC, to
match in detail the experimental conditions. Additionally,
fully detailed Monte-Carlo models in GEANT4 (by using
G4beamline [4], see Fig. 1) and FLUKA [5, 6] have been
developed to include the particle production and the inflight decays of particles in the simulations. This enables
the estimation of the expected beam rate and composition,
as well as the backgrounds.

Figure 1: The G4beamline model of the downstream region
of the H2 and H4 beam lines including the VLE extensions.
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PROGRESS TOWARDS A SINGLE-SHOT EMITTANCE MEASUREMENT
TECHNIQUE AT AWAKE
J. Chappell† , D. Cooke, L. Deacon, S. Jolly, F. Keeble, M. Wing, UCL, London, United Kingdom

Abstract

Externally injected electrons are captured and accelerated in the plasma wake of a self-modulated proton beam at
the Advanced Wakeﬁeld Experiment (AWAKE) at CERN.
The energy distribution of the accelerated electron beam is
measured using a dipole spectrometer in combination with
a scintillator screen, with two upstream quadrupoles providing energy-dependent focusing. Measuring the vertical
beam size variation with horizontal position along the scintillator screen, and therefore energy, results in an eﬀective
quadrupole scan permitting single shot vertical geometric
emittance measurements. Limitations of the method due to
eﬀects such as imperfect beam focusing and ﬁnite resolution
are explored via simulations using the beam tracking code
BDSIM.

INTRODUCTION

Plasma wakeﬁeld acceleration (PWFA) is a promising
technique for the acceleration of charged particles due to
the large accelerating gradients that can be provided, three
orders of magnitude large than those produced via traditional methods. At AWAKE, an 18 MeV electron beam is
injected into the wakeﬁeld driven by a self-modulated SPS
proton beam at an oblique angle [1]. Electrons are trapped
within the wakeﬁeld structure and have shown to be accelerated to energies exceeding 2 GeV over a 10 m long plasma
cell before being captured by a magnetic dipole spectrometer. Two quadrupoles provide energy-dependent focusing
which, in combination with the dispersive dipole and typically large energy spread beams (σE /μE ∼ 0.1) produced
in the current AWAKE scheme, results in an eﬀective singleshot quadrupole scan which is imaged on a scintillating
screen that forms part of the spectrometer.

EMITTANCE MEASUREMENT
It is possible to estimate the emittance of the accelerated
beam at the exit of the plasma by measuring the variation
in the height of the beam on the scintillator screen. This is
because both the quadrupole focusing and horizontal dispersion introduced by the dipole are energy dependent, resulting
in an eﬀective quadrupole scan in a single shot.
The evolution of the electron beam in the vertical plane
from the plasma exit to the scintillating screen can be described using a linear transport matrix model:
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where k(E) = (dB/dx) · (3.3 E)−1 is the normalised
quadrupole strength, d(E) is the energy-dependent path

SPECTROMETER DESIGN

The spectrometer beamline is shown in Fig. 1, with components beginning approximately 4.5 m downstream of the
exit of the plasma cell. It consists of two quadrupoles to
capture and focus the accelerated beam, and a magnetic
dipole, used to separate the accelerated electrons from the
proton beam [2]. After passing through the dipole magnet,
the electrons are incident upon a 0.5 mm thick Gadolinium
Oxysulﬁde (Gd2 O2 S : Tb) scintillating screen at an angle of
44.8 ± 0.1 ◦ to the beamline. Light emitted by the screen is
transported over ∼ 16 m to the camera darkroom via a series
of three highly reﬂective, optical grade mirrors where it is
captured by a large diameter, 400 mm focal length lens and
imaged onto an intensiﬁed CCD. The relationship between
†

an electron’s energy and its incident position in the plane
of the scintillator screen is derived using the beam tracking code BDSIM [3] using measured dipole ﬁeld maps as
input. A constant oﬀset of 6 % in the current supplied to,
and hence ﬁeld strength of, the quadrupoles was applied to
enable approximate matching of their focal planes despite
their spatial separation of 0.21 m. The optimal value of this
oﬀset is energy-dependent but the chosen value was found to
be suitable for the energy range of interest (0.2 – 1.3 GeV).
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Figure 1: AWAKE spectrometer components highlighted
within the experimental area. Two quadrupoles (red) focus
the beam before entering the dipole (green). Light emitted
by the scintillating screen follows the path shown in red,
green, blue and gold to the CCD housed in the darkroom.
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Abstract
CERN has a unique set of secondary beam lines, which
deliver particle beams extracted from the PS and SPS accelerators after their interaction with a target, reaching energies up to 400 GeV. These beam lines provide a crucial
contribution for test beam facilities and host several fixed
target experiments. A correct operation of the beam lines
requires precise simulations of the beam optics and studies
on the beam-matter interaction, radiation protection, beam
equipment survival etc. BDSIM combines tracking studies
with energy deposition and beam-matter interaction simulations within one software framework. This paper presents
studies conducted on secondary beams with BDSIM for the
beam lines T9 and T10. We report the tracking analysis and
the energy deposition along the beam line. Tracking analysis validation is demonstrated via comparison to existing
code.

renovation for the operation after year 2021. The present
paper describes the simulation of the beam lines state before the renovation start.

T9 AND T10 BEAM LINES
The beam lines are located in building 157, see Figure 2
and have their origins on the same target, the so-called
multi-target [2]. These two lines provide secondary beams
of charged particles (typically μ, π, p and e) in a momentum
range from 1 GeV/c up to 10 GeV/c (for T9 beam line) and
up to 6 GeV/c (T10 beam line), produced due to interaction
of a primary 24 GeV/c proton beam with the target. The
beam structure foresees typical intensities in the order of
103-106 particles per extraction cycle (spill) for a spill duration of  400 ms with a repetition period of about 20 s.

INTRODUCTION

Beam Delivery Simulation (BDSIM) [1] is an open
source software developed at Royal Holloway, University
of London. It is a C++ program that utilises the Geant4
toolkit to simulate both the transport of particles in an accelerator and their interaction with the material. BDSIM is
capable of simulating a wide variety of accelerator components and magnets with Geant4 geometry dynamically
built based on a text input file. Thick lens accelerator tracking routines are provided for fast accurate tracking in a vacuum. The flexibility and quick conversion characteristics
of the software found applications in various accelerator
physics related projects. Secondary beam lines at CERN
are utilised as a facility for test beams and fixed target
physics experiment. These lines have beam parameters that
are adaptable on a fast timescale. The configuration of
beam line elements, user infrastructure and the settings of
the magnets are easily adjustable according to users’ needs.
In this context BDSIM represents a useful tool given its
versatility.
This paper presents studies on secondary beam lines
simulated with this software. The secondary beam lines
subject to these studies are T9 and T10 located in the East
Area on the Meyrin site of CERN, see Figure 1. Studies
include: optics, energy deposition and beam composition
for both beam lines. In this paper, T10 optics is presented
while for T9, studies on energy deposition and particles
production. The East Area beam lines are currently under
___________________________________________

Figure 1: CERN complex scheme with arrow pointing at
the East Area (bottom-right).
T9 and T10 play an important role in the CERN complex. Mostly, the beam lines’ operation is for test-beam
runs, at the moment T9 is used for several experiments
while T10 has been used mainly for ALICE.

Figure 2: T9 and T10 in the East Area.
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1
also at The Cockcroft Institute, Daresbury, UK
Abstract
The Cockcroft Beamline is being designed to transport 1
GeV electrons from a laser wakefield accelerator (LWFA)
to an undulator at the Scottish Centre for the Application
of Plasma-based Accelerators (SCAPA) in Glasgow, UK.
To demonstrate undulator radiation in the X-ray spectral region and potentially free electron laser (FEL) gain, electrons
should be transported between the LWFA and the undulators
with high fidelity. In this paper we present the design of
an adjustable beam line to transport LWFA electrons to the
undulator for a range of energies, from 0.5 GeV to 1 GeV,
while preserving the electron beam properties and matching
the undulator-beam coupling.

THE SCAPA FACILITY
The SCAPA facility [1] at the University of Strathclyde,
Glasgow is a research facility focused on the development
and application of laser plasma accelerators. Experimental
areas on the ground floor are driven by high intensity laser
systems located on the floor above. The Cockcroft Beamline
in Bunker A will be driven by the facility’s 350 TW Ti:sapphire laser with a repetition rate of 5 Hz [1]. Laser light
is directed into a vacuum chamber and then focused onto
a gas target to produce high energy electrons from a laser
wakefield accelerator (LWFA) [2]. The optics layout sets
the position of the LWFA electron source to be 0.5 m from
the end of the vacuum chamber. This space is reserved for
in-vacuum electron beam focusing components. Phase A of
the beam line design enables transport of 0.5 GeV to 1.0 GeV
electrons from the LWFA, to a pair of planar undulators to
generate 2 nm to 10 nm XUV radiation.

LASER WAKEFIELD BUNCHES
Laser wakefield acceleration utilises plasma to produce extremely large electric fields that can accelerate particles with
much higher accelerating gradients (over 100 GV/m) than
the maximum possible in RF cavities (100 MV/m). Plasma
is already broken down and therefore is not limited by breakdown that occurs on RF cavity surfaces [3]. The properties
∗
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of LWFA bunches make them promising drivers of synchrotron sources [4] and free electron lasers (FELs) [5]: LWFAs
can produce high energy (GeV), high peak current (kA),
low emittance (<1 μm) [6] and femtosecond duration electron bunches [7] at the plasma exit [8]. However, they are
also characterised by relatively large (mrad) divergence and
sub % energy spreads, making the bunches challenging to
transport and utilise. However, the beam should have a
smaller divergence and emittance at 1 GeV, which would
reduce bunch lengthening. Many groups are currently working on improving the beam properties of LWFA electron
bunches [9].
Phase A of the beam line design is for demonstrating transport of LWFA electrons with current bunch parameters [8].
The initial bunch produced at the plasma exit is modelled as
a cylinder with transverse Gaussian profile and properties
shown in Table 1. Two representative sample bunches, with
Lorentz factor (𝛾) of 1000 and 2000, are used to demonstrate
the flexibility of the beam transport.
Table 1: Initial Bunch Parameters
Lorentz factor (𝛾)
Central energy
Energy spread
Bunch length (r.m.s.)
Total bunch charge
Norm. emittance
Bunch radius

1000
0.51 GeV
0.1 %
1.2 μm (4 fs)
20 pC
1 μm
0.5 μm

2000
1.02 GeV
0.1 %
1.2 μm (4 fs)
20 pC
1 μm
0.5 μm

BEAM LINE DESIGN
Focusing the Beam
Strong focusing is required near the plasma exit to collimate the divergent beam. We propose using a high gradient
250 T/m permanent quadrupole magnet (PMQ) triplet. The
PMQs alternate in polarity, have an aperture radius of 3 mm
and lengths of 5 cm, 10 cm and 5 cm, respectively. The first
magnet is located 5 cm from the plasma exit and the whole
triplet fits within the vacuum chamber. Each PMQ is placed
on a separate translator inside the chamber so that their relative longitudinal position can be adjusted (as shown in Fig. 1).
This telescopic movement allows focussing to be tuned to
the beam energy. The remainder of the beam line consists
THPGW070
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GENETIC OPTIMISATION OF BEAMLINE DESIGN FOR DIAMOND
F. Bakkali Taheri†, M. Apollonio, R. Bartolini, J. Li, B. Singh,
Diamond Light Source, Oxfordshire, U.K.
Abstract
The problem of optimisation of beamline structures is
studied, from the point of view of multi-objective genetic
algorithms. While this approach has been successfully used
in the exploration of potential particle accelerator lattices,
it has never been applied to beamline design. In this paper,
the Non-Dominated Sorting Genetic Algorithm II (NGSA
II) is used to optimise a structure where photons are assumed to propagate through the optical elements according
to a wave-front model. Examples illustrating this optimisation method are shown in the context of Diamond-II.

INTRODUCTION
The design of a beamline is a notoriously challenging
task due to several aspects: the large number of degree of
freedoms in the chain of optical components, the photon
properties at the source, and the electron dynamics in the
particle accelerator. Several tools are available to help the
design of an operational beamline, and the choice usually
depends on the underlying mathematical framework chosen to describe the radiation characteristics through the optical system. At Diamond Light Source the most common
software used to simulate photon propagation are
SHADOW [1], based on the geometrical framework of
well-known raytracing methods, and Synchrotron Radiation Workshop (SRW) [2], which is based on the wavefront propagation theory and uses the full mathematical apparatus of Fourier optics. A major shortcoming of both
these approaches, however, is that, while they allow to design a beamline, they do not guarantee that the final setup
is actually the best configuration achievable. This is where
the need for optimisation methods finds its justification.
Recently there has been an increased interest in optimisation techniques in the context of beamline design. However, previous works on beamline optimisation address the
problem by optimising a single quantity, and in the context
of online system [3][4]. The work presented here is a contribution to an approach to beamline design than can accommodate an arbitrary number of optimisation requirements.

MULTI-OBJECTIVE OPTIMISATION
A multi-objective optimisation problem is a situation
where a function f : (p1, p2,…, pN)→ (o1, o2,…, oM)
maps a set of parameters onto a set of objectives, the latter
satisfying an extremum condition. The area of mathematics
concerned with the exploration of such problems is very
rich. A major result is that there exist iterative processes
that exhibit an asymptotic convergence of the function f towards a stable hypersurface in the objective space, known

as Pareto front. Crucially, the method chosen to move from
one iteration to the next, will define the algorithm of interest. In the case of this study, we have used the Non-Dominated Sorting Genetic Algorithm II (NSGA-II), a genetic
algorithm which has become standard in many technical
areas in the recent years. This means that the rules defining
the progression from one iteration to the next, are based on
the genetic processes governing the transition of species in
the natural world, from one generation to the next. A detailed description of the algorithm can be found in [5].

THE I13 BEAMLINE
I13 is the first long beamline at Diamond dedicated to
imaging and coherence [6]. Two independent branches operate in the energy range of 6 to 30 keV with spatial resolution on the micro-to-nano length-scale. The Imaging
branch is dedicated to imaging and tomography with in line
phase contrast and full-field microscopy on the micron to
nano-length scale. The coherence branch reaches ultimate
resolution exploiting imaging techniques in the reciprocal
space. The experimental stations are located at 230 m from
the source, to exploit the coherence properties of the
source. The optical layout is optimized for beam stability
and high optical quality to preserve the coherent radiation.
A schematic top view of the beamline is shown in Fig. 1.

NUMERICAL RESULTS
In this section, the results of an optimisation of I13 under
various conditions are presented. The objectives of interest
are the horizontal and vertical beam size at the sample position. All simulations consisted in a set of 50 generations
of 100 individuals each, The source utilized for these calculations is an ideal undulator with a period of 25 mm and
a length of 2.7 m set to operate at the peak of the 9th harmonic (11.209 keV). The Twiss parameters at the source
are reported in Table 1, and correspond to one of the lattices
studied by the AP group in the framework of Diamond-II
studies. SRW was used for beamline computations.
Table 1: Simulation Parameters of I13
x
(pm.rad)
130

x
(m)
7.7

x
-0.24

y
(m)
4.3

y
-0.53

x
(mm)
-3.5



0.07

Two-Dimensional Optimisation
A first study shows the behaviour of the two objectives
when the optimisation problem is posed in a 2-dimension
parameter space, where the degrees of freedom are the last
two drifts of the system (d2 and d3 in Fig. 1).

____________________________________________
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SEEDED SELF-MODULATION OF TRANSVERSELY ASYMMETRIC
LONG PROTON BEAMS IN PLASMA
A. Perera†1, C. P. Welsch1, University of Liverpool, Liverpool, United Kingdom
P. Muggli, MPI-P, München, Germany
1
also at Cockcroft Institute, Warrington, Cheshire, United Kingdom
Abstract
The AWAKE experiment at CERN recently demonstrated the world's first acceleration of electrons in a proton-driven plasma wakefield accelerator. Such accelerators
show great promise for a new generation of linear e-p colliders using ~1-10 GV/m accelerating fields. Effectively
driving a wakefield requires 100-fold self-modulation of
the 12 cm Super Proton Synchrotron (SPS) proton beam
using a plasma-driven process which must be carefully
controlled to saturation. Previous works have modelled this
process assuming azimuthal symmetry of the transverse
spatial and momentum profiles. In this work, 3D particlein-cell simulations are used to model the self-modulation
of such non-round beams. Implications of such effects for
efficiently sustaining resonant wakefields are examined.

INTRODUCTION
Proton-driven
plasma
wakefield
acceleration
(PDPWFA), has been proposed to overcome the problem
of energy depletion of drivers in previous experiments,
with the view of application towards a new generation of
plasma-wakefield-based colliders for high energy physics
research.
However, current high-energy-content bunches, such as
those of the Super Proton Synchrotron (SPS) used in
AWAKE are too long by two orders of magnitude to efficiently drive a wakefield in plasma of suitable density [1].
Therefore, the concept relies on the self-modulation of the
long proton bunch in plasma due to an initial weak ‘seed’
wakefield driven by the unmodulated bunch which causes
the bunch to compress and diverge at periodic intervals
along its length. The resulting train of shorter microbunches, if formed so that they are positioned correctly
within the wakefield, can then resonantly excite much
stronger accelerating gradients in the plasma [1].
It has been shown by numerical investigations in previous works that the seeded self-modulation (SSM) process
may be highly sensitive to beam parameters such as emittance and radial spot size [1, 2]. However, such works have
almost consistently considered only transversely round
bunches. Here we present preliminary results from 3D particle-in-cell (PIC) simulations to investigate the SSM of
proton bunches with unequal transverse aspect ratio, and
its effect on the resonantly driven wakefield of the resultant
micro-bunch train. Seeding the self-modulation process requires an initial wakefield with a sufficiently strong longitudinal component at the plasma wavelength,
___________________________________________
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𝜆 = 2𝜋c 𝑚 𝜀 ⁄𝑛 𝑒 , where np is the plasma density, 𝜀
is the permittivity of free space, 𝑚 and 𝑒 are the electron
mass and charge, respectively. This may be achieved by
ionising the plasma by a co-propagating laser pulse, nominally placed at the midpoint of the gaussian proton beam to
create a ‘discontinuity’ in beam longitudinal profile seen
by the plasma. Such seeding is required to control the initial phase of the modulation process along the gaussian longitudinal beam profile, to ensure an efficient resultant micro-bunch arrangement upon saturation of the SSM growth
[3].

SIMULATIONS
The 3D quasi-static PIC code QuickPIC [4] was used to
perform numerical simulations of the proton-bunchplasma interaction. We consider long proton bunches with
parameters similar to the SPS bunches, with Lorentz factor
γ = 427. Two sets of simulations were performed scanning
over the beam transverse aspect ratio, with np = 2 × 1014
cm-3 , corresponding to a plasma skin-depth, c/ωp = λp / 2π
= 0.373 mm, where c is the speed of light and the plasma
frequency, ωp = 8.04 × 1011 rad s-1. In the first set, the primary interest was understanding the small-scale microbunch-field interaction. Bunches with flat-top longitudinal
profiles and a bi-gaussian profile in x and y were used. At
the seed point, there is a sharp linear rise to a maximum
density of nb0 = 0.04 a-1np ( 8.0 × 1012 a-1 cm-3 ) with the
factor of a-1 included so that the bunches have equal total
charge per xy slice. The simulations were performed with
3D cartesian grids x×y×ξ of 256×256×4096 cells, spanning
physical dimensions 6×6×130 c/ωp, corresponding to a grid
density of 21×21×31 cells per c/ωp. Here, 𝜉 = 𝑐𝑡 − 𝑧 is a
coordinate backward along the bunch axis, zeroed at the
seed point 2 c/ωp from the front edge of the simulation window. The aspect ratio was varied by changing the x r.m.s.
size as σx = aσy, where σy = 0.536 c/ωp (0.2 mm) was kept
fixed, and a varied from 1.0 to 0.4 (1.0 and 0.8 for long
windows). We take equal normalised emittance in x and y,
εn = 3.5 mm mrad. For simplicity, only bunches with zero
longitudinal momentum spread (0.035% for the SPS beam)
[5] and uncorrelated transverse momentum spread σxx’ = σyy’
= 0 were considered. This means σx’ = a-1σy’ where σy’ =
0.041 mrad corresponding to a doubling of σy2 after approx.
𝛽∗ ≈ 5 m from the beam waist in vacuum. However, this
length is similar to the saturation length of the SSM at these
parameters [6], which means that if, for example, the unequal aspect ratio is due to deviation of the beam waist in
one or both axes from the plasma entrance, it is likely that
the effect of correlated spread is important in the SSM process but is not considered in these results.
THPGW072
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STATUS ON A LASER INJECTION IN BEAM DRIVEN DIELECTRIC
WAKEFIELD ACCELERATOR EXPERIMENT
G. Andonian1 , T. Campese, F. O’Shea∗
RadiaBeam Technologies, 90404, Santa Monica, CA USA
M. Conde, S. Doran, G. Ha, J. Power, J. Shao, T. Xu, E. Wisniewki
Argonne National Laboratory, 60439, Lemont, IL USA
D. Bruhwiler, N. Cook, RadiaSoft LLC, 80301 Boulder, CO USA
J. Rosenzweig, UCLA, 90095 Los Angeles, CA USA
1 also at University of California Los Angeles, 90095 Los Angeles, CA USA
Abstract
The generation of high-brightness beams with ultra-low
emittance using the plasma photocathode technique has
gained significant traction in recent years. The practical execution of a combined plasma wakefield acceleration section
and a laser injected typically requires a dual gas medium for
precision ionization of low and high ionization thresholds.
The concept can be partially simplified in experiment by
replacing the plasma wakefield acceleration component with
a dielectric wakefield acceleration scheme, sacrificing field
gradient but maintaining low emittance beam generation.
In this paper, we describe the progress on the design of a
hybrid scheme, using laser injection in a gas medium within
a dielectric wakefield accelerator structure. The proof-ofconcept experiment is planned to take place at the Argonne
Wakefield Accelerator.

nique. An illustration of the concept is shown in Figure 1. A
drive bunch (or bunch train) travels through a dielectric lined
waveguide exciting a wakefield. Following the drive beam, a
laser ionizes a diffuse gas that is inside the tube, generating
electrons that are essentially at rest. For the appropriate
phase, these electrons are captured by the wakefield from
the drive beam and accelerated to the desired energy.

metal wall

wakefield

dielectric
ε>1

a

b

drive beam

Ez
ρ

cathode laser

!z

witness beam

INTRODUCTION
Beam brightness is a key parameter in practical particle accelerator applications, such as ultra-fast electron microscopy [1] and diffraction with temporal resolution on
the sub-picosecond scales. Adapting advanced accelerator
methods to these needs is critical for achieving high brightness beams beyond traditional means. A relevant example
is the plasma photocathode and blow-out acceleration technique, so called Trojan Horse, where the plasma can sustain
accelerating gradients approaching 100 GV/m [2]. In this
technique, the solid cathode is replaced with a gas that is
ionized by an intense laser pulse which is precision timed to
the accelerating phase of the wakefield behind the driving
electron beam. The Trojan Horse method produces low emittance beams but is quite challenging experimentally [3], due
to the short plasma wavelength (∼100 µm), strict timing demands (∼10 fs between drive beam and injection laser), and
non-linear effects of the field on the witness beam properties
leading to consequences such as large energy spread.
The experimental complexities of the Trojan Horse technique can be reduced for lower-charge applications with
simple replacement of component systems. In this method
which we call the Capillary Trojan Horse (CTH), we replace
the plasma wakefield accelerator with a dielectric accelerator [4], while maintaining the plasma photocathode tech∗
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Figure 1: Sketch of dielectric lined waveguide with inner/outer radii a/b, and injection laser profile in green
shadow, drive beam profile in red, and wakefield in blue.
The acceleration channel is filled with diffuse gas. Laser
ionization occurs at optimal position for trapping and acceleration.
A dielectric lined structure filled with a single gas species,
operating at ∼mm wavelengths leads to reduced timing tolerances. High gradients (>500 MV/m) are achievable [5] and
will reduce the emittance degrading effects of space charge,
while single mode excitation will improve the final energy
spread of the electron beam.
In this paper we describe an experimental program to
demonstrate key facets of this concept. An important point
is that the longitudinal trapping condition, establishing required properties of the electron beam driving the wakefield,
necessitates high charge (several nC), or bunch train, operation. The Argonne Wakefield Accelerator facility (AWA) at
Argonne National Laboratory provides unique beam properties that are appropriate for demonstration of the proposed
hybrid scheme. The AWA operates an L-band photo-injector
capable of producing 100 nC electron bunches of 10s of picoseconds duration. In addition, AWA runs state-of-the-art
lasers with ample UV power for ionizing the background gas
required to make the high brightness witness electron beam.
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PROTOTYPING OF BRAZED MM-WAVE ACCELERATING
STRUCTURES*
M. A. K. Othman, B. Angier, A. Haase, E. A. Nanni, M. Roux, A. Sy, SLAC National Accelerator
Laboratory, Stanford University, 2575 Sand Hill Rd, Menlo Park, CA 94025

Abstract
A braze technique is developed for high-gradient Wband accelerator structures. Thin spacers were used to set
the final gap between blocks during the braze process and
provide precise control of the operational frequency. To
demonstrate the robustness of this technique, we show cold
testing results after the various manufacturing steps to
monitor and track frequency changes throughout the process, and we show excellent quality of the fabricated test
mm-wave structures.

parameters of the cavity as measured using a Vector Network Analyzer with coaxial probes are also shown in Figure 1. This fabrication process is closely related to splitblock diffusion bonded accelerating structures which were
recently reported to operate at high-gradient However the
invistigated braze process deployed here has the potential
to overcome consistent fabrication defects around the cell
iris [6]. When cavities are joined with diffusion bonding
at mm-wave or THz frequencies, the resulting gap

INTRODUCTION

Advanced fabrication and prototyping of metallic rf
structures play a fundamental role in advancing accelerator
technologies particularly at mm-wave and THz frequencies. With the scaling of the rf structure up to these frequencies [1], conventional fabrication techniques do not
achieve the required accuracy and tolerances. Improved
manufacturing techniques including diffusion bonding and
brazing of split-blocks produce high quality structures
when successfully implemented. Development of
advanced split-block CNC machining for THz accelerators
are strongly leveraged at SLAC to produce high quality
beamline components and accelerator structures. Based on
these technologies, several structures were developed for
mm-wave and THz accelerator applications [2]–[5].
Furthermore, systematic studies of rf breakdown probability in high-gradient mm-wave accelerating structures are
being performed [2], [3] to quantify the performance and
merits of these accelerating structures.

BRAZED MM-WAVE ACCELERATOR
STRUCTURES

Here, we report on the brazing process of W-band single-cell accelerating structures that were fabricated from
two split blocks. The main purpose of this study is to investigate the potential impact of the braze joint on frequency shift of the accelerating mode. In particular, we aim
at producing single cell W-band accelerator structures with
a frequency of the π-mode within <.5% in order to match
the rf high power source, since the latter (in our high gradient work [6]) has fixed frequency. We have fabricated
test W-band structures from two split oxygen-free copper
(OFC) blocks, with four cells per block. Each cell has three
identical coupled cavities [6]. In Figure 1 we show an example of the fabricated W-band split block consisting of
three coupled cavities operated at the π-mode [6]. The S___________________________________________
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Figure 1: Photo of one of the W-band blocks for braze test
(top), and the S parameters measured using mm-wave vector network analyzer with coaxial probes (bottom).
at the iris produces a local field enhancement which is not
desireable for high-gradient operation.
We briefly describe in the following the braze process
that we have used to produce 13 W-band structures so far
in this series. Once the blocks were fabricated they were
ultrasonically cleaned and cold tested. Around the
alignment pins, 0.001 inch thick Cu spacers were placed in
order to set the final gap between blocks during the braze
process therefore controlling the final frequency of the πmode. Cold tests were also done with the spacer. After that,
the blocks were cleaned and acid etched, then cold tested
again with the spacers. The blocks then underwent the
braze process. Around the cavities, 0.002 inch thick braze
foils were designed to melt and bond the cavities, and
bridge the gap in the cavity walls. During the braze process,
the structure is heated above the melting point of the foil
but below the melting point of the spacers and the copper
blocks. Additionally the structure is clamped together so
MC3: Novel Particle Sources and Acceleration Techniques
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THZ-BASED FEMTOSECOND MEV ELECTRON BUNCH COMPRESSION*
M. A. K. Othman, M. C. Hoffmann, M. Kozina, R. K. Li, E. A. Nanni, B. K. Ofori-Okai, S. Park,
X. Shen, E. C. Snively, X. J. Wang, P. Weathersby, SLAC National Accelerator Laboratory,
2575 Sand Hill Road, Menlo Park, California, 94025, USA

Abstract
We demonstrate a new design of a dispersion-free parallel-plate tapered waveguide that provides focusing of
strong field terahertz (THz) pulses. The structure is used to
imprint an energy chirp on MeV bunches and enables
bunch compression. We further demonstrate some preliminary results of the THz-driven bunch compression at the
SLAC UED facility.

electric fields are measured inside the tapered structure using electro-optic sampling. We clearly observe that the single-cycle characteristics of the THz signal are preserved
with almost no dispersion. Moreover, we show that the
PPWG produces ~ 40 MV/m peak electric field at the minimum gap, causing a twofold field enhancement compared
to free space given 0.9 µJ of THz energy.

INTRODUCTION

Ultrafast electron diffraction (UED) science allows for
better understanding of energy matter interaction at the
subatomic level [1–4]. Within this context, interest in lasergenerated THz wave-matter interaction has recently surged
as a new regime for controlling electrons with high temporal precision [5–9]. Previously, we have demonstrated
sub-femtosecond electron diagnostics using laser-generated single-cycle THz radiation, which is intrinsically
phase locked to the optical drive pulses, to manipulate
multi-MeV relativistic electron beams [10]. Here we
demonstrate further steps towards achieving ultrafast timing resolution that utilizes femtosecond electron bunches.
The proposed setup allows for compressing electron beam
bunches down to a 10s of femtosecond using interaction
with high field single-cycle THz pulses. Several THz-

based techniques for beam compression were recently
proposed [7], [11, 12], however here we demonstrate for
the first time an optimized structure excited by strong
field THz fields dedicated to bunch compression.

CHARACTERIZATION OF PARALLELPLATE THZ WAVEGUIDE

Here we use an optimized tapered PPWG with application to electron bunch compression. We show in Figure 1(a) the tapered PPWG that is used to focus intense single-cycle THz pulses. The PPWG is made of copper and
optimized to provide optimal focusing to an incident
broadband THz Gaussian beam. Note that the tapered
PPWG only focuses in one dimension (along y) without
disturbing the pulse propagation along this direction. The
THz is generated using an intense Ti:sapphire 800 nm laser
to pump a LiNbO3 crystal and produce single cycle high
THz fields through the tilted-pulse-front scheme. The THz
is then guided to the structure using parabolic mirrors. The
_____________________
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Figure 1: Measurement of the electric field inside a tapered
parallel-plate waveguide using electro-optic sampling,
compared to the one in free space. The PPWG minimum
gap here is 180 μm.
For the beamline experiment, we used a modified version of the structure in Figure 1. The modification entails
the use of a shorted structure [13] where the PPWG is terminated right after the beam tunnel to provide enhanced
THz interaction, and the chirp provided by the shorted
structure is estimated to be about 1 keV/(100 fs ∙ μJ). The
shorted structure also reduces transverse dispersion as well
as transverse deflection.

THZ-DRIVEN BUNCH COMPRESISON
EXPERIEMENT
The experimental setup for the THz-driven bunch compression is depicted in Figure 2. An electron bunch with
2.5 MeV kinetic energy was used in the UED beamline,
with < 6fC of beam charge and > 85 fs RMS bunch length.
The beam was aligned from the S-band rf gun into the compressor structure using two solenoid lenses, steering magnets and pinhole collimator. Electron bunches enter the tapered PPWG compressor in Figure 2 and interact with the
THz through the gap; providing enough energy chirp to
compress the bunch after some drift distance.
Two separate THz sources were constructed to produce
quasi-single-cycle THz pulses and drive the compression
and transverse deflector setup. THz pulses with < 3 μJ
pulses were transported into the vacuum chamber and focused into the shorted compressor structure using off-axis
parabolic mirrors, while a vertically polarized <1 μJ pulse
is transported into the streaking chamber, as shown in
Figure 2. The time of arrival of the two THz pulses relative
to the electron bunch is controlled using two delay stages.
MC3: Novel Particle Sources and Acceleration Techniques
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INITIAL RESULTS OF HIGH-GRADIENT BREAKDOWN TESTS FOR
W-BAND ACCELERATING STRUCTURES
M. A. K. Othman, V.A. Dolgashev, A. Haase, E. A. Nanni, J. Neilson, and S. Tantawi,
SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA, USA
S. Jawla, J. Picard, S. Schaub, R. J. Temkin, Massachusetts Institute of Technology, Cambridge,
MA, USA
B. Spataro, INFN-LNF, Frascati, Rome, Italy
Abstract
We report progress on high power testing of a 110 GHz
single-cell standing wave accelerating cavity powered by a
1 MW gyrotron. The pulsed power is coupled into the accelerating structure using a Gaussian to TM01 mode converter. The cavity is fed with 10 ns, 100s of kilowatt pulses
using a fast laser-based switch. At such power levels and
pulse length the cavity achieved an accelerating gradient of
about 150 MV/m.

INTRODUCTION
There is an ongoing interest in linear accelerators operating at 100s of GHz and THz frequencies due to their
small size and potentially high accelerating gradient, above
100 MV/m. High-frequency structures have been tested
with relativistic beams at high gradient on single cycle [1]–
[3] and nanosecond time-scales [4] at SLAC. Understanding vacuum rf breakdown in such normal conducting accelerators is critical to realizing unprecedented high gradient performance. Accordingly, it is imperative to diagnose
the rf breakdown event probability to quantify the highgradient performance of accelerator structures [5]. In this
work, we report initial results of high-power tests of a 110
GHz single-cell standing wave accelerating cavity powered by a 1 MW gyrotron for the purpose of studying
breakdown physics.

PRELIMINARY RESULTS OF HIGH GRADIENT TESTS AT W-BAND
The accelerating structure under test consists of a singlecell standing wave cavity that allows for direct comparison
with our X-band experiments [5]. It consists of three coupled cavities, with the on-axis electric field in the central
cell twice as high as in the adjacent cells. This was done to
ensure that most of the breakdowns occur in the central cell
[6]–[8]. The high-power structure is made in two halves,
where each half is milled into oxygen-free copper blocks
as shown in the inset of Figure 1. Then the two halves are
diffusion-bonded. The vacuum assembly incorporates a
high-power window with a lens to focus the incoming
Gaussian beam into the structure’s smooth-walled horn
with a ~4.5 mm beam waist. In turn, the horn converts the
Gaussian mode into the TE11 mode of a circular waveguide
___________________________________________
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Figure 1: (a) The W-band high-gradient test experimental
setup, and a photo of high-power accelerator structure is
shown in the inset. The rf signals are measured with fast
mm-wave diodes for the forward and reflected rf signal. An
additional low power diagnostic port measures the power
transmitted through to the cavity. (b) Sample of the forward power pulse at 250 kW and the calculated field gradient.
with ~99% conversion efficiency, followed by a TE11 to
TM01 mode converter, which includes a 90o bend with a
97% power conversion efficiency and a bandwidth exceeding 2 GHz [6], [7]. We first performed low-power rf measurements using a vector network analyzer on the assembled
vacuum structure. The π-mode resonance for the structure
is found to be at 110.08 GHz with a loaded Q of about
1600. At π-mode resonance the cavity has reflection coefficient < -25 dB with a transmission through the diagnostic
port of ~ -41.5 dB. We also have found remarkable agreement between the designed value of the modeled and measured transmission (not shown here).
THPGW080
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CORRECTIONS OF KLYSTRON OUTPUT PULSE
IN SW ACCELERATOR TESTING
Mamdouh H. Nasr†, and Sami Tantawi
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
Abstract
Accelerator testing requires a good control over the
shape of the used pulse. Usually a flat or stepped square
pulses are used for testing. Producing a perfectly flat
output pulse from the klystron can be challenging especially for testing standing wave (SW) accelerators. SW
accelerator structures result in large reflections to the
klystron and no isolator can withstand the reflected power
level for ultra-high gradient operation. This results in a
distorted output pulse from the Klystron. We developed a
modulation technique that solves this problem using a
negative feedback loop.

INTRODUCTION
Our technique performs corrections of the klystron output pulse using feedback loop. It can also overcome a
poor modulator performance as well as some other system
errors. The used pulse correction scheme resembles a
general process control system [1,2]. Such systems are
characterized by a desired output or any measured quantity that are set to a certain desired value, usually referred
to as the set point, by adding a series of corrections to an
input to the system using a negative feedback loop.
A basic process control system is shown in Fig. 1. In
this system the input (𝑥# ) is adjusted using a series of
corrections. These corrections equal to the error signal
(𝑒# ) multiplied by a scaling factor (𝑤). The error signal
is defined as the deviation of the system output or control
variable from some desired value or set point (𝐷).
The intuition behind this is rather simple: a large (respectively, small) deviation between the output (𝑦# ) and
the desired value (𝐷) results in large (respectively, small)
errors, hence, significant (respectively, slight) corrections.
Also, when the output converges to the desired value, the
error converges to zero. The correction weights (𝑤)
should be optimized for best convergence. The system
can be described using the following set of equations:
𝑦# = 𝐻(𝑥# )
𝑥# = 𝑥#+, − 𝑤 𝑒#
𝑒# = 𝑦#+, − 𝐷

(1)
(2)
(3)

Figure 1: block diagram of a process control system. 𝑥# is
the input, 𝑦# is the output, 𝑒# is the error signal, 𝑤 is the
scaling factor, and 𝐷 is the desired value or set point.
_________________________________________
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This process can be illustrated using a simple example
where 𝐻(𝑥# ) = 5𝑥# . Let us assume that the initial value of
the input (𝑥# ) is 𝑥3 = 1 while the desired value of the
output (𝑦# ) is 𝐷 = 10. The initial value of 𝑥# will result in
𝑦3 = 5 which does not match the desired value of 10.
However, as we follow (1 − 3) with a weight of 𝑤 =
0.1, the output eventually converges to the desired value
of 𝐷 = 10 as shown in Fig. 2(a).
The same concept can still hold even if non-linearities
are introduced to the system, however it is not guaranteed.
An example is with 𝐻(𝑥# ) = 5𝑥#6 + 6𝑥# + 1. Using the
same initial conditions and desired value as the previous
example, the output converged to the specified desired
value as shown in Fig. 2(b).

KLYSTRON PULSE CORRECTION
In what follows, we show that the klystron pulse correction problem resembles the aforementioned process
control system. Namely, we may consider the input pulse
to the klystron as (𝑥# ), and the high-power output pulse
from the klystron as (𝑦# ). In contrast to the standard process control model presented above, the computation of
the error term in our case is rather involving. In particular,
we aim to remove any distortions in the pulse shape compared to the desired flat pulse shape as shown in Fig. 3.
So, our desired pulse shape (𝐷) is the fitted version of
the measured pulse to an ideal stepped (or flat) square
pulse shape. Consequently, the block diagram for the
control system can be modified as in Fig. 4.
Note that the pulse also has a phase component that

(b)
Figure 2: convergence of the (a) first and (b) second process control system examples

Figure 3: graph illustration of a measured distorted pulse
in blue and the best flat fitted pulse in red as well as the
correction window of interest in gray.
MC7: Accelerator Technology
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TRANSVERSE JITTER TOLERANCE ISSUES
FOR BEAM-DRIVEN PLASMA ACCELERATORS
G. R. White, T. Raubenheimer, SLAC National Accelerator Laboratory, 2575 Sand Hill Road,
Menlo Park, CA 94025, USA

Abstract
Transverse jitter tolerances are considered for beamdriven plasma accelerators. A simple model for jitter transfer from the drive to witness beam is developed and concrete examples are studied for: high-brightness witness
bunch injectors; high-energy boosters for FEL’s; and future Linear Colliders. Compared with an existing PWFA
driver facility ([1, 2]), the calculated tolerances are 18X –
170X tighter than achievable, even considering any upgrades with existing technology.

OVERVIEW

The electron beam-driven Plasma Wakefield Acceleration (PWFA) concept has been actively pursued in the past
two decades with multi-GeV accelerating gradients
demonstrated [1, 2]. Other test facilities are under construction and aim to demonstrate preservation of the accelerated beam quality [3, 4] and research practical applications such as FEL drivers. As the community moves towards progressing the PWFA concept into a viable engineering solution for a practical accelerator, it is timely to
consider requirements for the required supporting infrastructure.
In this report, we consider the jitter requirements on the
main particle beams (henceforth referred to as “witness”
beams) used in future accelerators powered by PWFA acceleration cells and the contribution from the jitter of the
“drive” beams used to form the PWFA acceleration plasma
bubble. The drive beam is usually mismatched to the accelerated bunch in terms of its geometric emittance, frequently having order-of-magnitude larger emittance; this is
true for laser-driven as well as beam-driven plasmas. The
stability requirements of the drive beam are dictated by the
phase-space of the higher-quality witness beam.
As specific examples, we consider high-brightness witness bunch injectors (HBI), high-energy “doubler” application for FEL’s (EDA), and future Linear Colliders (LC).
For each, we investigated the transverse tolerance requirements on the drive beam and the conventional accelerator
component tolerances (RF, magnet, alignment etc.) necessary to meet these. The calculated tolerances are
compared to an existing PWFA driver facility [2, 3] and
are 18 to 170 times tighter than achievable, even
considering any up-grades with existing technology.
Designing an accelerator facility to deliver the required
drive beam stability, then, represents a significant
challenge, requiring considerable R&D breakthroughs on
many subsystems to develop new technology and
understand how these tolerances could eventually be met.
___________________________________________
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Typical requirements for a beam-driven PWFA application are to drive the plasma cell with a multi-nC electron
bunch which is highly compressed (>10 kA peak current)
and tightly focused (<<100 μm rms transverse size at
plasma entrance). State-of-the-art high-brightness electron
accelerators utilizing rf photo-injectors with conventional
rf acceleration cavities and magnetic bunch compression
systems can meet these requirements, but the achievable
bunch emittances are necessarily in the multi μm-rad
range. This should be compared with the nm-rad scale of
required vertical emittance for the witness beam in a LC
application. The acceleration channel seen by the witness
bunch in the PWFA cells is formed by the drive beam and
by design strongly focuses the witness beam within the
plasma channel. It will therefore steer the witness beam according to any misalignment of the driver bunch. Given the
large disparity between drive and witness bunch emittances, one would naively expect very tight tolerances on
the allowable drive beam jitter.
To investigate the magnitude of the driver jitter tolerance
challenge, we put forward a simple analytic model of jitter
transfer between the drive and witness beams which we test
using a particle tracking model. Using this jitter transfer
model, we describe the jitter amplification of a physically
realizable plasma cell and calculate the drive beam jitter
tolerances implied by the witness bunch jitter requirements. Finally, we look at a currently under-construction
accelerator facility (FACET-II) designed to deliver highcompression electron beams and compare the expected jitter performance with the calculated requirements.

WITNESS BUNCH JITTER
REQUIREMENTS
The allowable jitter of the witness bunch as it is delivered to either the undulators of an FEL or the collision point
of a collider are shown in Table 1 below. The required jitter
tolerances for an FEL application are dependent on the design of the undulators, typically the beam jitter must be a
small fraction of the beam size in the undulators for lasing
to occur and a value of 0.1σ is used here for reference. The
LC requirements are more complicated, and discussions
can be found in the various LC design reports. The combined effect of all jitter sources (i.e. multiple PWFA stages)
must sum to beneath the requirements stated below.
Table 1: Required Delivered Witness Beam Jitter to FEL
Undulator Section or Collision IP
Application Horizontal Jitter
Vertical Jitter
Requirement / σ
Requirement / σ
PWFA LC Insensitive
0.3
HBI 0.1
0.1
EDA 0.1
0.1
MC3: Novel Particle Sources and Acceleration Techniques
A22 Plasma Wakefield Acceleration

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPGW088

TRANSFORMER RATIO MEASUREMENTS FROM RAMPED BEAMS IN
THE PLASMA BLOWOUT REGIME USING EMITTANCE EXCHANGE
R. Roussel∗ , G. Andonian, W. Lynn, J. Rosenzweig, UCLA, 90095 Los Angeles, USA
J. Power, M. Conde, S. Doran, G. Ha, J. Seok, E. Wisniewski, C. Whiteford,
Argonne National Laboratory, 60439, Lemont, USA

Abstract

EXPERIMENTS AT THE ARGONNE
WAKEFIELD ACCELERATOR

We present initial measurements from a UCLA-Argonne
Wakefield Accelerator collaborative plasma wakefield acceleration (PWFA) experiment aimed at demonstrating the
dependence of transformer ratio on longitudinal beam shape.
The transformer ratio or the ratio between the maximum
acceleration of the witness and the maximum deceleration
of the drive beam, is key to a efficient, beam-based, plasma
wakefield accelerator design. Utilizing the unique capabilities of the emittance exchange (EEX) beamline, we may
obtain transformer ratios approaching the theoretical limit
in PWFA. We present the experimental beamline design,
relevant beam diagnostics and explore preservation of the
longitudinal beam profile.

The Argonne Wakefield Accelerator facility at Argonne
National Laboratory is the ideal test-bed for exploring wakefield effects from longitudinally shaped beams. A cesium
telluride cathode based photoinjector was used to inject a 12
nC beam into the drive beamline consisting of 4 L-band, normal conducting accelerating cavities. The resulting beam,
with the parameters listed in Table 1, is then sent into the
Emittance Exchange beamline (see Fig. 1) to shape the beam
longitudinally. A tungsten mask was first used to shape the
beam profile transversely. The emittance exchange process
[7] is then used to transform the transverse distribution into
a longitudinal one, creating a drive-witness pair.

TRANSFORMER RATIO FOR PWFA

Table 1: Design Beam Parameters

The development of beam based plasma wakefield acceleration (PWFA) schemes has provided a potential path for
miniaturization of large scale accelerators, due to plasma’s
ability to sustain accelerating gradients in excess of 10
GeV/m [1, 2]. While this provides a substantial improvement
over current state of the art accelerating schemes, practical
realization of an accelerator based solely on PWFA requires
further improvement of efficient transfer of energy.
One critical figure of merit that requires investigation is
known as the transformer ratio (TR). In a collinear wakefield
scheme the transformer ratio is defined as T R = |W+ |/|W− |,
the ratio between the maximum accelerating field that a witness bunch would experience and the maximum decelerating
field that the drive would experience.
As a direct result from the Fundamental Theory of Beam
Loading, Bane. et. al. showed that longitudinally symmetric drive beams have a maximum TR of 2 [3]. Further study
suggested that using a longitudinal ramp in bunch current
could increase the TR to N π where N is the ramp length in
characteristic wakefield wavelengths [4]. A further increase
in transformer ratio could be attained by adding a small
"doorstep" or "double-triangle" feature at the beginning of
the ramp. Until recently it has been difficult to create these
longitudinal distributions in a precise manner, but the recent
development of pulse stacking [5, 6] and emittance exchange
[7] methods have started to allow detailed study of this effect
in collinear accelerator schemes [8, 9]. We present experimental work using emittance exchange to create and sample
high transformer ratio wakefields in a single stage PWFA
accelerator.
∗
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Parameter
Energy
Drive Charge
Drive Length
Witness Charge
Witness Length
εn,x

Value
40
1.0
4
0.4
4
~800

Unit
MeV
nC
mm
nC
mm
mm.mrad

Two masks were developed to test different drive profiles. Both masks were designed to accept a uniform transverse beam distribution created by a laser spot from a microlens array on the photocathode [10]. The first mask was
designed to produce a single triangle drive bunch, whose
length was matched to span two plasma wavelengths (see Table 2 for plasma parameters) along with a low charge, equal
length witness bunch to sample the wakefield. The second
mask was designed to create a double triangle like feature
at the head of the drive profile with a similar witness. This
consisted of a single triangle as before, but with an added
ramp in the first quarter wavelength of the main triangle.
These
profiles have theoretical transformer ratios of Nπ and
p
1 + (2πN − 1)2 respectively [11], where N is the length of
the main ramp in terms of plasma wavelengths. With the
mask designs used it should be possible to achieve a TR > 2
for these advanced shapes.
After shaping, the beam was then transported into the experimental beamline. A hollow cathode arc plasma source
[12] was used to produce a plasma with the parameters seen
in Table 2. Due to stringent vacuum requirements of CsTe
cathode operation (P ≈ 10−10 Torr), the plasma source chamber (P ≈ 10−2 Torr) was separated from the rest of the beam-
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MECHANICAL DESIGN OF A DIAMOND CRYSTAL HARD X-RAY
SELF-SEEDING MONOCHROMATOR FOR PAL-XFEL*
D. Shu†, Y. Shvyd’ko, S. Kearney, J. Anton, K-J. Kim, Argonne National Laboratory,
Argonne, IL, USA
B.G. Oh, C-K. Min, S.Y. Rah, H-S. Kang, Pohang Accelerator Laboratory,
Pohang, Gyeongbuk, Republic of Korea

Abstract
As a part of the Argonne Strategic Partnership Project
(SPP) 85H21, a collaboration between Advanced Photon
Source (APS), Argonne National Laboratory (ANL) and
Pohang Accelerator Laboratory (PAL), we have designed,
constructed, and tested a thin-diamond-crystal monochromator for the PAL X-ray Free-Electron-Laser (PALXFEL) hard x-ray self-seeding project [1]. The mechanical
design of the PAL-XFEL diamond crystal hard x-ray selfseeding monochromator is based on the APS design of a
thin-diamond-crystal monochromator for the LCLS hard xray self-seeding project [2,3] with enhanced diamond crystal holder for two thin-diamond crystals with thicknesses
of 30 microns and 100 microns [4]. The customized high
quality thin-diamond-crystals and special graphite holder
were provided by the Technological Institute for Superhard and Novel Carbon Materials of Russia (TISNCM) [5],
and tested at the APS [4]. An in-vacuum multi-axis precision positioning mechanism is designed to manipulate the
duo-thin- diamond-crystals holder with resolutions and stabilities required by the hard x-ray self-seeding physics.
Mechanical specifications, designs, and preliminary test
results of the diamond monochromator are presented in this
paper.

INTRODUCTION

This short To longitudinally improve the coherent quality of the x-ray radiation produced by the hard X-ray FreeElectron-Laser (XFEL), and to reduce the level of the spikiness in their spectrum and temporal structures, in 2001
Saldin and et al. proposed the initial idea of self-seeding
based on the utilization of Bragg diffraction (BD) from a
four-bounce diamond crystal monochromator as a bandpass filter [6]. About ten years later, Geloni and et al. proposed a transmission self-seeding using forward Bragg deflection (FBD) from a single diamond crystal with simple
alignment requirements [7].
The first hard X-ray self-seeding with forward Bragg deflection (FBD) from a single diamond crystal was demonstrated at the Linac Coherent Light Source (LCLS) in 2012
[2]. Based on the experiences gained from the first LCLS
hard x-ray self-seeding (HXRSS) monochromator design
[3], a thin-diamond-crystal monochromator for the PALXFEL hard x-ray self-seeding project has been designed,
constructed, and commissioned as a part of the Argonne

------------------------------------------------------------
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Strategic Partnership Project (SPP) 85H21, a collaboration
between APS, ANL and PAL.

Figure 1: 3D model of the PAL-XFEL self-seeding monochromator integrated on the undulator girder system.
The monochromator was manufactured by a Korean
company (VACTRON [8]) based on the ANL/PAL collaborated engineering design, and was installed at the PALXFEL in February, 2018. Manufactured by the TISNCM
and tested at the APS, the enhanced monochromator diamond crystal holder accommodates two customized high
quality thin-diamond-crystals with thickness of 30 μm and
100 μm in the [10] and [11] orientations to satisfy various
optimization conditions [4, 9]. The PAL-XFEL self-seeding monochromator has been successfully commissioned
without any design flaws soon after its installation [1].
Mechanical specifications, designs, and preliminary test
results of the diamond crystal monochromator for the PALXFEL are presented in this paper.

Figure 2: Photograph of the PAL-XFEL self-seeding monochromator integrated on undulator girder system.

COMPACT UHV ENCLOSURE
A compact vacuum enclosure was designed for the PALXFEL hard x-ray self-seeding monochromator with ultrahigh-vacuum (UHV) compatibility as required by PALXFEL vacuum system. As shown in Fig. 1, the hard x-ray
self-seeding monochromator is integrated on one of the
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PHASING OF SUPERCONDUCTIVE CAVITIES OF THE
REX/HIE-ISOLDE LINAC
E.Matli† , N. Bidault1 , E.Piselli, J.A.Rodriguez,
Beam Department, CERN, 1211 Geneva, Switzerland
1 University of Rome ’La Sapienza’ and INFN Sez. Roma1, 00185 Roma, Italy

Abstract

ISOLDE is a facility dedicated to the production of a large
variety of Radioactive Ion Beams. The facility is located at
the European Organization for Nuclear Research (CERN).
In addition to two target stations followed by low energy
separators, the facility includes a post-accelerating linac
with both normal conducting (REX) and superconducting
(HIE-ISOLDE) sections. The HIE-ISOLDE section consists
of four cryomodules with five SRF cavities each that need
to be phased individually. In this paper, we will describe
the procedure and the software applications developed to
phase each of the cavities as well as improvements that will
be introduced in the near future to reduce the time it takes
to complete the process.

INTRODUCTION

ISOLDE is a research facility dedicated to the production
of radioactive isotopes located at CERN in Geneva, Switzerland. Isotopes are produced by bombarding a thick and
heavy target with a 1.4 GeV proton beam from the Proton
Synchrotron Booster (PSB). After diffusion out of the target,
the isotopes are ionized, electrostatically accelerated up to
60 keV and mass separated in a dipole magnet. The resulting Radioactive Ion Beam (RIB) is then delivered to one of
the experimental stations located in the experimental hall
directly at low energy or after being accelerated using the
REX/HIE-ISOLDE post-accelerator [1]. Before injection
into the linac, the RIB is bunched and transversely cooled in
a Penning trap (REX-TRAP) and is charge bred to decrease
its mass-over-charge ratio (A/q) by stripping of electrons in
the REX-EBIS [2] where the trapped ions are bombarded
with an electron beam. Extracted ions with an A/q between
2.5 and 4.5 can be accelerated in the linac and transported to
an experimental station through one of the three High Energy
Beam Transfer lines (HEBT). With the completion of HIEISOLDE [3], the normal conducting part of the linac was
extended with four cryomodules (CM1-CM4) each equipped
with five superconducting Quarter Wave Resonator (QWRs)
and a superconducting solenoid for transverse focusing. This
upgrade has increased the maximum available energy significantly and it is currently able to reach 10 MeV/u for light
beams. The HIE-ISOLDE linac was designed with a -20
degrees synchronous phase (i.e. +70 degrees from the bunching zero-crossing). Each cavity is powered by its own RF
amplifier and they can be phased separately. For the linac
to be correctly set-up and to reach the desired beam energy,
†

the cavities need to be correctly phased with respect to the
time of flight of the ions.

PHASING USING A SILICON DETECTOR
The silicon detector is a very sensitive device, capable of
resolving single particle events and can therefore be used to
directly measure the energy of very low intensity beams like
the ones typically available at RIB-production facilities. A
Silicon detector located in the Diagnostic Box 1 (DB1) has
been regularly used during the last few years to phase the
normal conducting cavities of the REX linac. In a similar
way, a second detector located in DB2 was used to phase
the superconducting cavities. The energy of the beam was
measured (top of Fig. 1) as the phase of the SRF cavity was
changed. Once enough measurements were completed, the
sinusoidal fit of the data (bottom of Fig. 1) could be used to
determine the zero-crossings and the synchronous phase of
the cavity.

Figure 1: On top, energy spectrum measured by the Silicon
detector in DB2 during the phasing process of the first superconducting cavity in the linac (SRF01). At the bottom,
beam energy measured by the Silicon detector as a function
of the RF phase in SRF01 in red, sinusoidal fit in black,
cavity zero-crossings in brown, peak acceleration in green
and synchronous phase in blue.
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CHARACTERIZATION OF REX/HIE-ISOLDE RFQ LONGITUDINAL
ACCEPTANCE AND TRANSMISSION
N. Bidault∗1, 2 , E. Matli1 , J. A. Rodriguez1
1 CERN, 1211 Geneva, Switzerland
2 University of Rome ’La Sapienza’ and INFN Sez. Roma1, 00185 Roma, Italy
Abstract
The Isotope mass Separator On-Line DEvice (ISOLDE)
based at CERN, is a Radioactive Ion Beam (RIB) facility
where rare isotopes are produced from 1.4 GeV-proton collisions onto a target then are manipulated and transported to
user experimental stations for studies, notably in the domain
of nuclear physics. The RIB of interest is delivered to a
dedicated experimental station either at low (up to 60 keV)
or high energy (MeV/u range) after acceleration through
the recently completed REX/HIE-ISOLDE linac upgrade.
The first stage of the linac consists of normal-conducting IH
and spiral-resonators and is preceded by a Radio-Frequency
Quadrupole (RFQ). A description of the experimental setup
and the specifications of the RFQ will serve as an introduction for the presentation of recent results about the transmission efficiency of the RFQ. Furthermore, a newly developed
technique will be demonstrated, that allow for the capture of
ion beam intensities below the femto-Ampere range. In fine,
a measurement of the longitudinal acceptance of the RFQ
will be included.

INTRODUCTION
The study of rare radioactive isotopes often implies to
face low yields and consequently foster instrumental technique improvements, in particular for accelerating structures characterization at very low beam intensity (< pA). A
methodology to measure important RFQ parameters such as
its transmission efficiency at beam currents in the fA range
will be described after a brief introduction to the REX/HIEISOLDE low-energy section. In the last section, a recent
result about the longitudinal acceptance of the accelerating structure is discussed and correlated with a potential
deduction of the input beam transverse emittance.
The transport of a RIB of interest through the low energy part of REX/HIE-ISOLDE is punctuated by several
necessary steps prior to post-acceleration. After production and on-line mass-separation, the continuous ion beam
is accumulated and transversely cooled in the REX-TRAP
(Penning trap). Singly-charged ions extracted from the trap
are transferred towards the REXEBIS charge-breeder and
will undergo successive electron-impact ionization in order
to increase their charge-state, or equivalently to reduce their
mass-to-charge ratio (A/q). The resulting charge-state distribution is thereafter filtered through an A/q-Separator which
is of a Nier-type spectrometer. Selecting an A/q suitable for
post-acceleration is often a compromise between maximiz∗
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ing the trapping and charge-breeding efficiency, minimizing
the residual gas contamination and respecting the linac A/qacceptance (between A/q = 2.5 and A/q = 4.5).

EXPERIMENTAL SETUP
All measurements presented made use of stable 39 K10+
beam, originating from the local ion source installed upstream the REX-TRAP. Verification tests for the calibration
of the RFQ electrode voltage pick-up were conducted with
ionized residual gas beams extracted at various A/q directly
from the REXEBIS.
The room-temperature RFQ is the first module of the
REX/HIE-ISOLDE linac, it is a four-rod-λ/2 design with a
total length of 3 m. The construction and testing took place
at the Ludwig Maximilian University, in Munich [1]. The
resonance frequency and basic parameters are summarized
in the Table 1.
Table 1: Basic Parameters of the REX/HIE-ISOLDE RFQ
Parameter
Frequency
Number of cells
Input energy
Final energy
Maximum duty cycle
A/q-acceptance
Radial acceptance ǫnorm
Electrode voltage (A/q = 4.5)
RF Power (A/q = 4.5)
Quality factor Q0

Value
101.28 MHz
232
5 keV/u
300 keV/u
10 %
< 5.5
0.66 π mm mrad
42 kV
36.3 kW
3801 [2]

The recent accomplishment of the HIE-ISOLDE project
has been accompanied with instrumentation upgrades, notably the installation of 300 µm-thick partially-depleted Passivated Implanted Planar Silicon (PIPS) detectors [3]. The
possibility brought by silicon detectors to resolve single incident event is beneficial for beam characterization at very
low intensity. Two important aspects need to be asserted
for proper use of the ensemble comprising a silicon detector
and its preamplifier: the energy deposited on the detector
per pulse must remain below 500 MeV (preamplifier and
digitizer specifications) and the time-structure of the beam
is preferred stretched (> 102 µs) to avoid pile-up effect. One
large-aperture (15 mm-diameter) silicon detector is installed
in XT00.1300 beam-line position (Figure 1).
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CERN ACCELERATOR OPERATIONS’ PLANNING MANAGER
AND DASHBOARD
E.Matli ∗ , T.Hesselberg1 , J. Nielsen, Beam Department, CERN, Geneva, Switzerland
1 also at NTNU, NO-7491 Trondheim, Norway

Abstract

Running CERN’s complex of accelerators and infrastructure requires the seamless collaboration of many people,
such as operators, experts and people-on-call to name only a
few. Distributed in teams from different groups, it is important to centralise schedule planning and operational information and make this information readily available. In the
operation’s group these tasks are handled by two applications
to manage shift work as well as on-call services and expert
services. At the beginning of 2018, a project was started to
replace the ageing application used to manage the on-call
services. While collecting requirements we realised a more
flexible application was needed to suit a broader set of customers, and to offer a more generic, people- oriented tool.
The new planning tool consists of two separate applications:
The “Planning Manager”, which is used to organise work
schedules of a team’s members, and to keep each group’s
planning up-to-date, coherently, and visible to all involved.
The “Planning Dashboard”, which allows any user to create
a customised view of the available services they use.

INTRODUCTION

The European Center for Nuclear Research (CERN) is
a research facility located in Geneva, Switzerland. Most
known for housing the world’s largest and most powerful particle accelerator, the Large Hadron Collider (LHC), CERN
runs a complex infrastructure of accelerators and services
and employs several thousand people. At the heart of the
∗
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laboratory is the CERN Control Center (CCC) where operators work 24/7 to monitor and coordinate all the activities
and services that are needed to run the different facilities.
Operators working in the CCC need to be able to quickly
identify and reach the person on duty for a specific system
(power supply, software application etc.) that might need a
timely intervention to prevent an interruption of the physics
program.

PLANNING APPLICATION
People in charge of different services need primarily to
organize teams and assign them roles, i.e. the period of time
where they are responsible for a certain task. This could be
a week of supervision as well as a daily task like an eight
hour shift in one of the control rooms.

Systems
The application is built as a hierarchical structure of nodes
(from here on referred as Systems) that serve to logically organize services as well as to separate responsibilities. Each
system has administrators that are in charge of organizing
people into teams and schedule their tasks. At any level an
administrator can create sub systems and delegate responsibilities to other people.
In cases where a planning is required, it can be
easily filled from the web graphical interface by selecting
the role from a drop down menu and filling in the time
slots in the calendar (macros are provided for repetitive
pattern, like the ones used in the example in Fig 1:
morning-afternoon-night) or by importing data from a
comma separated file. Events

Figure 1: Admistrator view of planning calendar. Roles from different Groups are not editable in the current calendar.
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APPLICATIONS OF ONLINE OPTIMIZATION ALGORITHMS
FOR INJECTION AT THE AUSTRALIAN SYNCHROTRON
R. Auchettl∗ , R. T. Dowd, ANSTO Australian Synchrotron, Clayton, Australia
Abstract
Accelerators have hundreds of design parameters that
makeup the design space. The optimization of complex
nonlinear systems (like accelerators) is not straightforward.
Trade-offs between competing nonlinear design variables
means that optimizing a target objective (such as optics
matching) can lack any obvious deterministic method.
At the Australian Synchrotron, accelerator tuning predominantly occurs via manual optimization or traditional optimization techniques such as the Linear Optics from Closed
Orbits (LOCO) algorithm. While we have had distinct success with the implementation of LOCO [1] and manual tuning, these strategies are not without their downsides. Some
situations (such as the optimization of synchrotron beam dynamics) produce a design space too large and multifaceted
for manual tuning while implementing LOCO can be computationally expensive. Also, without sufficient diagnostic
systems, both LOCO and manual tuning do not necessarily
guarantee that the optimal solution will be found.
Motivated by the successful implementation of online
optimization algorithms at SPEAR3 [2], this paper outlines
the application of online optimization algorithms to improve
the performance of the Australian Synchrotron injection
system. We apply the efficient Robust Conjugate Direction
Search (RCDS) Algorithm to reduce beam size in the storage
ring.

THE CHALLENGES TO THE
OPTIMIZATION OF ACCELERATORS
Particle accelerators are complex machines that rely on
thousands of components and design variables. Accelerators also contain a multitude of subsystems that often act at
cross-purposes to one another. For example, adjusting magnet strength can improve beam-size but cause issues with
injection efficiency downstream. Additionally, demands
placed on accelerator performance (such as the number of
hours of availability and beam emittance) necessitates that
stringent performance demands must be met.

TRADITIONAL METHODS OF
IMPROVING BEAM PERFORMANCE
The traditional approach to tuning the machine has been to
either manually tune or use of orbit response matrix (ORM)
techniques such as the Linear Optics from Closed Orbits
(LOCO) algorithm [3]. Manual tuning has traditionally involved selecting a parameter to vary, making a change to that
parameter and then waiting to observe the machine response
∗
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before making other changes. However, this approach assumes that the parameter change scales linearly, does not
cause any unintended consequences in other parts of the
machine and that the tuner already knows what the desired
solution will look like. The LOCO method is very powerful
but requires a good model of the machine.

THE ONLINE OPTIMIZATION
SOLUTION
Machine learning has been successfully implemented to
improve performance and design of accelerators at many
facilities; for example, SLAC [4], APS [5], Cornell [6]. Motivated by these successes, we have formed a machine learning
working group at the Australian Synchrotron.
The Australian Synchrotron is moving into its second
phase of development: delivering 7 beamlines under the
auspices of the BRIGHT accelerator program. These new
beamlines require a finely tuned machine to provide peak
performance under exact specifications for the expanded user
base. Machine learning and online optimization algorithms
will be of significant benefit to the design and deployment
of these new beamlines. For example, work is underway to
produce predictive algorithms to diagnose beam dumps and
reduce user beam downtime [7]. Our group has also used
optimization algorithms to aid the design of a single nonlinear injection kicker to be constructed and commissioned at
the Australian Synchrotron (see [8,9]). In this paper, we will
outline an illustrative example of the power of optimization
algorithms to improve beam performance at the Australian
Synchotron.

THE RCDS ALGORITHM
The RCDS algorithm, kindly provided by Dr Xiaobaio
Huang [2] has been shown to be an effective and efficient
algorithm for online optimization of accelerators. RCDS
uses Powell’s method (Conjugate Directional Search) to iteratively search along the conjugate directions. The line
search is fit to a parabolic minimum while taking into account the RMS noise of the measurement. Many facilities
have shown RCDS to be robust against the noise of a real
life accelerator and those without sufficient diagnostics (see
e.g. [10]). As an illustrative example, we use the RCDS
algorithm to optimize the vertical beam size along the BTS.

RCDS OPTIMIZATION OF VERTICAL
BEAM SIZE IN THE AS STORAGE RING
To optimize the vertical beam size (𝜎𝑦 ) we vary the
quadrupole magnetic strengths. All skew quads were normalized, set to zero and the RCDS algorithm was deployed
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AUTOMATIC CLASSIFICATION OF POST MORTEM DATA FOR
REDUCED BEAM DOWN TIME
M. C. Chalmers∗, Y. E. Tan, ANSTO - Australian Synchrotron, Clayton, Australia

Abstract
Time spent recovering from faults that result in a rapid
loss of stored current (total loss of beam) can be costly to
the Australian Synchrotron facility and its researchers. The
identiication of a fault leading to total beam loss is assisted
by a large variety of investigative tools for speciic tasks, but
they do not often give a thorough overview of all systems
required to store beam. Post mortem data uniquely provides
insight into how the beam was behaving at the speciic time
the beam loss occurred. With machine learning, we ind that
we can automatically and rapidly identify many types of total
beam loss events by learning about the unique characteristics
in the post mortem data.

tal beam loss events [2]. The post mortem information used
here is collected from 98 beam position monitors around the
storage ring, capturing 16-20,000 samples of turn-by-turn
data [3]. The post mortem data cache is frozen and saved
when the stored beam position drifts outside a deined limit,
and activates the Equipment Protection System (EPS). The
most common failures have visually recognisable characteristics. Figures 2 & 3 show examples of magnet power supply
failures and Fig. 4 shows when the RF is inhibited by the
EPS.
D:\CPS Off\pmdata_2019-02-15_14-50-11.mat

2000
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Each year the Australian Synchrotron loses up to 50hrs of
scheduled beamline operations due to accelerator faults [1].
The most common faults which result in total beam loss
occur due to magnet power supply failures, RF and cooling
water (plant) faults (see Fig. 1). The post mortem data often
carries a signature pattern depending on which of these faults
caused the beam loss.
The purpose of this investigation is to begin assessing
the viability of a diagnostic tool, which will automatically
attempt to classify every total beam loss event. It’s envisioned that doing so will reduce the amount of time searching through diagnostic tools in order to identify faults, in
turn leading to faster recovery times, and reduced down time.
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Figure 1: Frequency of beam downtime categorised by the
system which caused the outage during beamline operatons.

Post Mortem Data
Many facilities capture and characterise post mortem information, it is common to review this data to assess complex to-
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Figure 3: Dipole fault example.

LEARNING METHOD
Data used in this study was manually classiied by reviewing operations logs in order to attribute a fault to each beam
loss event [4]. Logistic regression was applied to the data
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HARDWARE AND FIRMWARE DEVELOPMENT FOR ENHANCED ORBIT
DIAGNOSTICS AT THE AUSTRALIAN SYNCHROTRON
S. Chen†, Y. E. Tan, A. Michalczyk, R. B. Hogan, A. C. Starritt,
Australian Synchrotron, Clayton, Australia

Abstract

The Enhanced Orbit Diagnostic (EOD) features will be
an expansion to the existing Fast Orbit Feedback (FOFB)
system that is currently in operation.
The new system will add the capability of online corrector-to-position response matrix calculation; this will significantly reduce the required measurement time. The new
features will allow the injection of PRBS noise or sinusoidal signals into correctors, to characterise and monitor the
FOFB system’s parameters and performance and track it
over time.
The system will be built based on a Xilinx ZYNQ System-on-Module (SOM) mounted on an in-house designed
motherboard to which the existing FOFB daughter board is
plugged into.

translates this into corrector current values using an inverted BPM-Corrector response matrix, M-1, provided
through the EPICS control system. The feedback uses a
proportional and integral handler with three harmonic filters in parallel. The corrector current values are sent to the
magnet power supplies via optical fibres using a 10M baud
serial protocol [2, 3].

FOFB BASICS

The aim of the FOFB system is to reduce the RMS beam
motion to under 10% of the beam size at all BPM locations
up to 100 Hz and a unity gain bandwidth of greater than
300 Hz [1]. The FOFB system consists of four sub-systems:
(1) Libera beam position measurement and aggregation
(2) FOFB processor
(3) Corrector magnets and power supplies
(4) EPICS control system
A schematic of the system is shown in Fig. 1.
(4)
(1)
(2)
(3)

Figure 1: FOFB system architecture.

The FOFB processor firmware development was to develop all the interface modules and data processing modules in VHDL and use Matlab’s Simulink™/HDL Coder™
combination to generate the proportional-integral handler
module (PIH). The simplified system architecture is shown
in Fig. 2.
The FOFB processor receives Fast Acquisition (FA) data
from the BPMs, extracts the beam position information and
___________________________________________
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Figure 2: Simplified FOFB firmware architecture.

EOD HARDWARE
The EOD hardware system consists of three parts:
(1) EOD processor module
(2) EOD motherboard
(3) Existing FOFB daughter board
The FOFB processor employs a Hi-Tech Global HTGV6-PCIE-240 development board (with a Xilinx Virtex6
FPGA on board) to do the real-time calculation. However
the current FOFB computation logic utilizes all of the
available programmable logic resources and due to the
FPGA being released 10 years ago it is not economic for us
to upgrade to a larger FPGA in the same series. As such we
have chosen the Trenz Electronics TE0808 SOM (with a
state-of-the-art Xilinx ZYNQ Ultrascale+ on board) as the
new processor for the EOD project. It offers ~7 times resources of the existing unit and hence allow for the provision of additional functionalities.
The existing FOFB daughter board is equipped with 14
optical transmitters. They are drove by the 14 correction
data streams from the ZYNQ processor.
The functional block diagram of the in-house designed
12-layer EOD motherboard is shown in Fig. 3. It provides
the following functionalities:
1. Interconnection of the ZYNQ processor and the FOFB
daughter board;
2. One PoE+ enabled Gigabit Ethernet port for the CPU
portion of ZYNQ processor;
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ORBIT FEEDBACK AND BEAM STABILITY AT THE AUSTRALIAN SYNCHROTRON
A. C. Starritt, A. Pozar, Y. E. Tan, Australian Synchrotron, Clayton, Australia
supported by diagnostic tools to provide a spectrum analysis of the beam positions – see below.
The Australian Synchrotron (AS) is a 3rd generation light
The BPMs were initially Libera Electron BPM units pursource which has been in operation since 2006. Measurechased in 2006. However, by the start of 2018, we upment of the storage ring’s beam position is provided by 98
graded to the Libera Brilliance+ units. From an FOFB
beam position monitors, and corrections can be applied uspoint of view, this upgrade was quite straight forward. The
ing 42 horizontal and 56 vertical slow corrector magnets,
main issue was a slight change to the message format (two
and 42 horizontal and 42 vertical fast corrector magnets.
fields swapped) and setting the group size to 99 to accomThis paper/poster provides a background describing the
modate the non-existent unit 0 (our units are identified 1 to
feedback strategies adopted at the AS leading to the current
98).
integrated orbit feedback system together with a descripThe FOFB FPGA is a Xilinx Vertix 6, it receives the Fast
tion of the beam position analyse techniques currently in
Acquisition group data directly from the Libera BPMs at a
use. It will also high-light some of the issues encountered
rate of approximately 10 kHz. The data is transferred in a
with the system and how they were overcome.
UDP packet that contains the x and y beam position toThe paper also describes planned improvements includgether with the frame counter, identity and status inforing the enhanced orbit diagnostics functionality we are inmation for each BPM. The FPGA calculates the orbit devitending to introduce in the next 12 months.
ation from the reference orbit and multiplies this by the inverse response matrix to form a set of 42 correction values
SLOW ORBIT FEEDBACK
in each plane. These corrections are then subject to a PI
From the start of operation to 2017, the feedback system filter and three notch filters at 50, 100 and 300 Hz to reemployed at the AS was a Slow Orbit Feedback (SOFB) move AC mains interference. These values are then transsystem. This was a MatLab program that communicated mitted by 20 MHz optical fibre to the fast corrector power
with the Libera Electron beam position monitors and the supply controllers.
slow horizontal and vertical corrector power supply conThere are 14 fast corrector power supply controllers, one
trollers using EPICS Channel Access. This operated with a per sector. Each controller powers 6 coils: three for the horcycle period of 4 seconds. The process is outlined below.
izontal plane and three for the vertical plane. The coils
The horizontal and vertical response matrix for the stor- were located on the poles of the existing sextupole magage ring are derived from the Storage Ring model. These nets.
are a 42x98 horizontal response matrix and a 98x56 vertiA single EPICS IOC provides both control and monitorcal response matrix; note feedback is essentially independ- ing of the FPGA unit and the 14 fast corrector controllers.
ent for the horizontal and vertical planes.
The power supply controllers are a Detect776 controller
These matrices were read by the SOFB program which manufactured by a local supplier. The protocol is a simple
used Singular Value Decomposition (SVD) to calculate the SCPI-like ASCII protocol, and as such a regular EPICS
inverse response matrices. On each cycle, the SOFB would ASYN port driver was developed to provide control and
read the beam position and calculate the deviations from monitoring. For the FPGA interface we developed a simple
the reference orbit. The required corrections were then cal- UDP based binary protocol. This is characterised by:
culated by multiplying the inverse response matrix by the
x Standard 8 byte message header: type, sub-type, sedeviation vector. Finally the correctors’ current setpoints
quence number, payload length and pad.
were incremented/decremented by the calculated correcx Fixed size messages (for a given message type).
tion.
x All numeric values are integer or fixed point.
x No unsolicited messages from the FPGA.
FAST ORBIT FEEDBACK
x Every command/request from the IOC gets a reIn 2010, we initiated a project to develop an FPGA based
sponse.
Fast Orbit Feedback (FOFB) system that became operaThe main data send to the FPGA is the reference orbit
tional at the start of 2017. It has a bandwidth of up to (2), the inverse response matrices (2), the P and I values
300 Hz, with the aim to damp the RMS transverse beam and the system mode. The main data received from the
position motion to less than 10% of one sigma of the trans- FPGA is status and the running average of the applied corverse beamsize, up to a frequency of 100 Hz.
rector values.
The FOFB system comprises: 98 Libera BPM units, the
The inverse response matrices are calculated from the
central FPGA processor, fast corrector power supply con- corresponding response matrix by an EPICS aSub record
trollers and coils, a number of EPICS support modules, and that performs a SVD operation using the Eigen3 library.
GUI control and monitoring screens. The system is also The response matrix is defined in a waveform record set by
MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
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PONDEROMOTIVE INSTABILITY OF SELF-EXCITED CAVITY*
S. K. Koscielniak†, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T2A3
Abstract
The electro-magnetic (EM) fields within a super-conducting radio frequency (SRF) cavity can be sufficiently
strong to deform the cavity shape, which may lead to a ponderomotive instability. Stability criteria for the self-excited
mode of cavity operation were given in 1978 by Delayen.
The treatment was based on the Routh-Hurwitz analysis of
the characteristic polynomial. With the Wolfram modern
analytical tool, 'Mathematica', we revisit the criteria for an
SRF cavity equipped with amplitude and phase loops and
a single microphonic mechanical mode.

INTRODUCTION
Whereas generator driven RF cavity systems have been
used for charged-particle acceleration for nearly a century,
self-excited (SE) resonance has been considered [1,2] for
only three decades. SE has two-parameters (Θ,Ψ) and is
less intuitive. Our starting point is the masterful exposition
by Delayen [2]. It must be emphasized that SE loop is an
enabling technology for SRF. The EM resonance width is
exceedingly small compared with the excitation frequency;
so, without prior knowledge, finding (and driving) the resonance can be difficult until its location is known. And, of
course, Lorentz force detuning (LFD) will change the resonant frequency as the amplitude is increased. A numerical
treatment is given by Joshi [3].

Basics
The SE loop is essentially a narrow band resonator
equipped with positive feedback. The loop contains the resonator, a near-linear amplifier, an adjustable phase shifter,
and a limiter and attenuator to control the amplitude.
The resonator has loaded quality factor and time constant
Qc and τ, respectively. The loop phase is initially adjusted
to be 2nπ at the resonance frequency ωc with n integer. The
shifter then introduces an addition phase ΘL. The loop responds by oscillating at the SE frequency ω, given by:
2Tan[𝛩' ]𝜔[𝑡] = −𝜏(𝜔/0 − 𝜔[𝑡]0 )
Here it is assumed that ωc has already the static LFD included and compensated.
In contra-distinction to generator driven (GD), it is important to understand that ΘL is the “cause” and ω is the
“effect”. In SE mode, the excitation amplitude is self-stabilized. Following Delayen, we begin by considering the
stability of the SE oscillator with no control loops. Let v[t]
and vg[t] be the cavity voltage and equivalent generator
voltage. They are governed by:
2𝑣5 4 [𝑡]
2𝑣 4 [𝑡]
𝜔/0 𝑣[𝑡] +
+ 𝑣 44 [𝑡] =
𝜏
𝜏
where primes denote time derivatives.
________________________________________
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We write the voltages in the following forms:
{𝑣 = 𝑒 89[:] 𝑉[𝑡], 𝑣5 = 𝑒 8=> ?89[:] 𝑉5 [𝑡], 𝜔[𝑡] = 𝛷 4 [𝑡]}
with the steady state (denoted subscript 0) conditions:
𝑉BC = Sec[𝛩' ]𝑉C
We now introduce deviations from the steady state,
G𝑉[𝑡] → V0 + δV[𝑡], 𝑉5 [𝑡] → Vg0 + δVg[𝑡]M
{𝜔/0 → (δωµ + 𝜔/ )0 , 𝜔[𝑡] → δw[𝑡] + 𝜔[𝑡]}
where δωµ is dynamic LFD.
We suppose the EM resonator to be coupled to a mechanical mode (of the RF cavity) having quality factor Q and
resonance frequency Ω. This mode gives a static LFD
ΔωR = −𝑘R 𝑉C0 < 0. The normalized (dimensionless) coupling constant is 𝐾' = 2𝜏𝑘R 𝑉C0 > 0.
We linearize the equations of motion, and take the Laplace transform w.r.t. frequency-like variable s. We introduce the vector 𝒖 = {𝑎Y , δω, 𝑎5 , δωµ} where av and ag are
amplitude modulation indices. The system matrix is P =

and the condition P.u=0 leads to the characteristic determinant and polynomial in s. Delayen discards the term in
Tan[Θ]/ω as being small. This is not self-consistent, because in the following we shall see that Tan[Θ] may be as
large as 4Qc which is in principle very large for an SRF
cavity. Nevertheless, we set Tan[Θ]/ω=0.
Depending on precisely which terms in s we retain, the
polynomial may be a monomial, cubic, quartic or quantic.
We present the conditions arising from each of these
choices. All the terms {−𝑠/𝜔, −(𝑠^2 𝜏)/2𝜔, 𝑠𝜏/2𝜔} are
small; if they are all neglected, then the coupling to the mechanical mode and to Tan[Θ] both disappear leading to a
damped cavity response 1 + 𝑠𝜏 = 0. If we retain only the
small term −𝑠/𝜔, column 1 row 2, the result is the same.

Cubic
If we retain only the small term 𝑠𝜏/(2𝜔), row 1 col 2,
the result is a cubic 𝑎C + 𝑠𝑎_ + 𝑠 0 𝑎0 + 𝑠 ` 𝑎`. The term a0
does not contain KL or Tan[Θ], so there is no monotonic
instability. {a1, a2, a3} all contain Tan[Θ], but only a1 contains KL. Sufficient conditions for all coefficients ai>0 and
0a
Routh determinants RHj >0 are Tan[Θ] < 4Qc and 𝐾' <
bc

and KL << 4Qc.

Quartic
If we retain only the two small terms {−𝑠/𝜔, 𝑠𝜏/2𝜔} the
result is a quartic 𝑎C + 𝑠𝑎_ + 𝑠 0 𝑎0 + 𝑠 ` 𝑎` + 𝑠 d 𝑎d. {a0, a4}
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PONDEROMOTIVE INSTABILITY OF TWO SELF-EXCITED CAVITIES*
S. K. Koscielniak†,
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T 2A3

Abstract

We consider the ponderomotive instability of two superconducting RF cavities self-driven from a single RF source
with vector-sum control.

CAVITY TUNING

Slater[1] gave the relation between changes in the stored
energy and the natural frequency for EM fields in a metallic cavity when the boundary is perturbed:
[1-(ωc/ωc0)2] =

The sources of volume change (ΔV) are: (i) the cavity
tuner; (ii) Lorentz Force Detuning (LFD); and (iii) microphonics. All three disturbances act through the agency of
the cavity mechanical modes. Schulze[2] gives a concise
introduction to mechanical eigenmodes and generalized
coordinates q. The dynamical response of each mode, index μ, is governed by an equation of the form:

We assume that the cavity has axial symmetry, and that the
mechanical and electromagnetic modes can each be
grouped into transverse and longitudinal modes.

Mechanical Tuner

Provided that the tuner does not break the symmetry,
then it couples only to the longitudinal mechanical modes
(MM). This is true for the TESLA-style cavity, provided
there is no buckling. It would be untrue if a pill-box cavity
were tuned by a piston at the radial boundary.

Lorentz Force Detuning (LFD)

There are currents and charges on the interior (metallic)
surface of the cavity (true for NC and SC, but different
depths). These are acted upon by the electric (E) and magnetic (H) fields via the Lorentz force F = q(E + v × B).
Because the cavity normal mode determines the spatial
configuration of both the charges /currents and the fields,
the resultant Lorentz pressure is P = (μ0|H|2-ε0|E|2)/4.
Apart from the squaring, this radiation pressure has the
same spatial pattern as the cavity fundamental EM mode
being used for acceleration of the particle beam. If the fundamental mode has axial symmetry, then LFD will couple
only to the longitudinal MMs; and when high radiation
pressure coincides with anti-nodes of the MM, coupling is
strong. The changes (ΔV) in the mechanical shape resulting from pressure are used to find the Electro-Magnetic
(EM) resonance frequency change. The static response to
the
Lorentz pressure is the sum of the DC response of all
___________________________________________
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the mechanical modes of the cavity, acting collectively.
Schulze seems to imply (from fundamental principles) that
in general (i.e. always) the static detuning satisfies
ωc(|E|>0) < ωc(|E|=0); and that the contributions from individual mechanical modes is also negative. This is confirmed by measurement on a real cavity, or computer simulations (CST, COMSOL, etc). Because H is proportional
to E, it is usual to write the resonant frequency as a function
of E2: (ωc-ωc0)/(2π) = - |k|E2.

Noise/Vibration Sources
Noise/vibration sources may enter into the cavity RF
wave in two ways: either modulating the waveform before
it enters the cavity, or acting inside the cavity through socalled “microphonics”.
External RF modulations Each SRF cavity in the TRIUMF ARIEL E-linac has two coaxial-type input couplers.
The inner conductor is a cantilever, and prone to vibration.
Displacement of the conductor changes the impedance,
leading to an impedance mismatch and modulation incident RF wave. The high-power couplers are cooled with
forced air: the impulsive and turbulent flow producing
noise-like vibrations from 20 to 300 Hz that are imprinted
on the arriving RF wave via the mechanism of impedance
modulation.

Microphonics
These are mechanical vibrations that change the cavity
shape, resulting in changes in the EM resonance frequency.
(Note, there are also vibrations which change the cavity
shape but do not change the resonance frequency.) There
are many sources:
• Acoustic noise from fluids, gases, turbulence,
bubbles
• Mechanical disturbance from rotary and reciprocating equipment, passing vehicular traffic, etc.
If the vibrations have spatial/directional and temporal
overlap with the mechanical modes, then coupling occurs;
but not necessarily to the EM mode. The MM has also to
couple to the EM mode for the vibration to have an effect.
The fundamental electrical mode typically has no azimuthal dependence. In principle, there should be exactly
zero coupling to the transverse MMs. The frequency
change resulting from the linear part of the mechanical displacement is indeed zero – because there are equal and opposite linear displacements on opposite walls. But there is
a 2nd order change in the volume proportional to mode displacement squared which gives a non-zero contribution
when multiplied by the radiation pressure distribution.
The fundamental EM mode has cylindrical symmetry –
it cannot tell difference between left, right, up, down; but
can tell difference between short and long. The consequence of this: for longitudinal (transverse) MMs: the RF
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VECTOR SUM & DIFFERENCE CONTROL OF SRF CAVITIES*
S. R. Koscielniak†, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T2A3
Abstract
We consider the ponderomotive instability of multiple
superconducting RF cavities driven from a single RF source. We add vector difference control to the usual the technique of vector sum control, in order to increase the accelerating gradient threshold for ponderomotive instability.

INTRODUCTION
High power RF sources are expensive, and it is more
economical for one source to power several cavities. Vector -sum control, introduced [1,2,3,4] in the 1990’s, is used
to control their combined amplitude and phase against disturbances. The electro-magnetic (EM) fields within a super-conducting radio frequency (SRF) cavity can be sufficiently strong to deform the cavity shape, which may lead
to a ponderomotive instability at high accelerating gradient. This must be stabilized by the RF controls.
This paper was initially motivated by the discovery[5] of
a ponderomotive instability in the TRIUMF ARIEL Elinac Accelerator Cryomodule, which has two SRF cavities
powered by a single klystron. The electron beam is accelerated on crest of the RF wave. The instability has several
features: (i) it occurs at relatively modest gradient (8-9
MV/m); (ii) the individual cavity amplitudes oscillate in
anti-phase; (iii) growth takes several seconds; (iv) detuning
the cavity resonance frequency above the RF is not sufficient to stabilize; and (v) as the gradient is raised, and the
instability approached, the range of stable tuning angles
tends to zero.
The instability is believed to derive from two features:
(a) the heavily loaded cavity quality factor extends the cavity bandwidth to include a longitudinal mechanical mode
at roughly 160 Hz; and (b) the linac, which employs vector
sum control, operates in continuous wave (c.w.) mode, giving ample time for the development of an instability with
slow growth rate. Companion papers address the first feature (a), while this investigates the latter circumstance (b).
Based on the analysis, it is believed the instability can be
tamed by adding vector difference control.
Although originally motivated by the 2-cavity case, difference control is extensible to many cavities; and we shall
present the 2-cavity and 3-cavity cases as examples.

TWO CAVITY SYSTEM
Consider two RF cavities, generator driven (GR), with
vector sum control. Take the basis vector
𝒖 = {av& , pv& , 𝜏δω& , ag, pg, av- , pv- , 𝜏δω-}
Here a,p are amplitude and phase modulation indices, and
the subscript 1,2 is the cavity identifier; and v and g denote
“voltage” (response) and “generator” (drive), respectively.
_________________________________________
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Figure 1: Cavity amplitude (red) and phase Ψ (blue).
δω&,- are deviations in the cavity resonance frequency.
The cavity loaded time constant and detuning angle are τ
and Ψ, respectively. Phase convention shown in Fig. 1.
Let s be the Laplace transform variable.
The system matrix is P =

There are additional equations, one for each cavity, for the
mechanical mode that participated in the ponderomotive
instability. The product P.u is a set of equations arranged
as a column vector that is equal to the 0.

Despite the apparent couplings between variables, the
characteristic equation factors into two polynomials.

Change of Basis Vector
From the theory of linear (matrix) algebra, we know that
the characteristic equation is independent of the vector basis. However, the structure of the matrix depends on the
choice of basis vector. Thus, underlying symmetry can be
made manifest by suitable choice of basis. For example,
block-diagonal form may result if artificial cross-couplings
are eliminated. But the characteristic polynomial will factor into product form if there is an underlying symmetry,
whether or not the matrix was actually block-diagonalized.
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PONDEROMOTIVE INSTABILITY OF GENERATOR-DRIVEN CAVITY*
S. K. Koscielniak†, TRIUMF, Vancouver, Canada
Cavity Resonance with Lorentz Force Detuning

Abstract
The electro-magnetic (EMΨ fields within a super-conducting radio frequency (SRFΨ cavity can be sufficiently
strong to deform the cavity shape, which may lead to a ponderomotive instability. Stability criteria for the generatordriven mode of cavity operation were given in 1971 by
Schulze. The treatment side-stepped the Routh-Hurwitz
analysis of the characteristic polynomial. With the Wolfram modern analytical tool, 'Mathematica', we revisit the
criteria for an SRF cavity equipped with amplitude, phase,
& tuning loops and a single microphonic mechanical mode.

INTRODUCTION

The fundamental EM mode of the RF cavity is coupled
to mechanical modes (MMΨ of the cavity via Lorentz force:
charges and currents on the interior surfaces of the cavity
are acted upon by the electric and magnetic fields at those
surfaces to produce what is called a ponderomotive force.
At low field, as occurs in normal conducting cavities, this
effect is negligible. In SRF cavities the fields may be so
high as to initiate an electro-mechanical instability. This effect was noted in the 1970’s, leading to the analysis of
Schulze[1], and there has been little analytical study since
that time. Such is the mathematical complexity, that most
researchers rely on numerical simulations of particular
cases, and Schulze relied on a mix of analytic and heuristic
arguments based on the Nyquist criterion, rather than explicit use of the Routh-Hurwitz stability criteria for the
roots of the characteristic polynomial. Herein, we use the
modern symbolic mathematics tool ‘Mathematica’, to manipulate the very lengthy mathematical formulae.

METHOD

In the neighbourhood of an isolated cavity resonance, the
mode can be modelled by an LCR resonator; quantified by
the resonance angular frequency ωc, loaded quality factor
Qc, and drive frequency ω. As noted by Schulze, the cavity
mechanical modes (MMΨ can each be represented by their
normal coordinate qμ, angular frequency μ and quality
factor Qμ and coupling Fμ to the EM mode; which satisfy

In the case that the cavity and fundamental EM mode has
cylindrical symmetry, and the cavity tuner does not break
this symmetry, then only the longitudinal MMs couple to
the fundamental. Typically, only a few MMs lie in the
range 0-300 Hz; and for analysis we focus on one alone.

The Lorentz force detuning (LFDΨ is the sum over all
MMs, each contributing proportional to the square of the
field (EΨ. Schulze implies that the net detuning is always
negative: ωc (|E|>0Ψ < ωc (E=0Ψ, and that contributions from
individual MMs are also negative.
At low field we may sweep the drive frequency to map out
the impedance Zc=RCos Exp[i ] where the phase angle
is Tan[ ]=(ωc2-ω2Ψ/(2αωΨ and α=ωc /(2QcΨ.
For a driven oscillator, is considered a response to ω.
At high field, the Lorentz detuning leads to a distorted amplitude and phase response versus drive frequencyǂ. To recover the simple form Zc it is assumed that the static LFD
detuning is exactly compensated by the cavity tuner.
We can then linearize the equations of motion for the EM
mode and the MM mode, for small perturbations.
Let Δωc(DCΨ= -kV02 and δωc(ACΨ= -kV02av. Let -δωcτ =
KLav then -KL=Δωcτ is dimensionless coupling strength.

Cavity Modulation Response
The cavity response to modulations of the generator current and resonance frequency is given by Koscielniak [2].
The modulation indices a,p are dimensionless. Subscripts
g,v denote “generator” and cavity voltage, respectively.

Routh-hurwitz (RH) Stability Analysis
After forming the Laplace transform of the dynamical
equations, there results a characteristic polynomial; the
roots of which determine the stability of the system. Given
� � + � � + � � + � � + �� + �
the determinants RHj generate constraints on the coefficients ai >0 such that all roots have negative real part. This
does not exclude oscillations, but they are damped.

Dynamical Equations
The amplitude, phase and tuning loop gains are Ka(sΨ,
Kp(sΨ, Kt(sΨ. The product of system matrix P
+ ��
−Tan[ ]
Ka

(� +

M
�
+
�

Tan[ ]
−
−Tan[ ]
+ �� Tan[ ]
−
−
Kp
Kt

−Kt

−

M

��
)

and vector v= {av, pv, ag, pg, δω�, �} equals zero. It might
be thought that the DC response of the MM should be
___________________________________________

___________________________________________
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ǂ It is noteworthy that the “jump condition” in the non-linear case, and the
small-amplitude stability criterion, both formulated by Schulze, are identical. This is because the distortion of the resonance curve can be removed
by a linear transformation: it is simply a shear.
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NORM-OPTIMAL ITERATIVE LEARNING CONTROL TO CANCEL
BEAM LOADING EFFECT ON THE ACCELERATING FIELD
Z. Shahriari∗ , University of British Columba, Vancouver, Canada
K. Fong, TRIUMF, Canada’s particle accelerator centre, Vancouver, Canada
G.A. Dumont, University of British Columbia, Vancouver, Canada

Abstract
Iterative learning control (ILC) is an open loop control
strategy that improves the performance of a repetitive system
through learning from previous iterations. ILC can be used
to compensate for a repetitive disturbance like the beam loading effect in resonators. In this work, we aim to use normoptimal ILC to cancel beam loading effect. Norm-optimal
ILC updates the control signal with the goal of minimizing a
performance index, which results in monotonic convergence.
Simulation results show that this controller improves beam
loading compensation compared to a PI controller.

INTRODUCTION

In a linear accelerator, such as a cavity resonator, the goal
is to establish and maintain a standing wave electromagnetic
field with constant amplitude and phase. A feedback control loop is responsible for maintaining constant amplitude
and phase despite various disturbances. The electromagnetic field within the cavity can be assumed as stored energy.
When a bunch of particles passes through the cavity, a portion of the energy is transferred from the field to the beam,
resulting in a drop in the accelerating field. This effect is
referred to as beam loading.
Feedback controllers are not fast enough to compensate
the beam loading effect. It is preferred to use feedforward
controllers to preemptively counteract with the energy drop
by increasing the cavity voltage just before the beam arrival. At Japan Proton Accelerator Research complex (JPARC), a multi-harmonic RF feedforward system is used
to compensate beam loading in 3 GeV rapid cycling synchrotron (RCS) [1]. The feedforward controller uses the
wall current monitor (WCM) to pick up the beam signal
Ibeam . The controller then generates an additional signal
equal to −Ibeam on top of the driving RF current. This
control system compensates the beam loading of the three
main harmonics (h = 2, 4, 6). In TESLA linear accelerator,
adaptive feedforward control is used to compensate the beam
loading and dynamic Lorentz force detuning [2].
In this work, we aim to use norm-optimal iterative learning control (NO-ILC) to cancel the beam loading effect. The
idea of iterative learning control (ILC) is to improve the
performance of a repetitive system through learning from
previous iterations. NO-ILC is a model based iterative approach to optimally update the control signal and reduce the
error monotonically. The control law is updated by minimizing a performance index which penalizes the error and
∗
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the difference between the control signal in two consecutive
iterations. NO-ILC has been used on Free Electron Laser
at DESY [3]. It guarantees that the error decreases monotonically [4], and we can change the rate of convergence by
tuning parameters.

PROBLEM FORMULATION
The dynamical behavior of a cavity resonator is well
known in accelerator physics and can be described by [5]
"
# "
d VI (t)
−ωh
=
∆ω
dt VQ (t)

#"
−∆ω
−ωh

# "
VI (t)
ω
+ h
VQ (t)
0

#"
0
ωh

#
u I (t)
,
uQ (t)

(1)
where VI and VQ are the real and imaginary parts of the
complex cavity voltage V , ωh is the half bandwidth of the
cavity, ∆ω is the detuning, and u I and uQ are the real and
imaginary parts of the complex driving voltage.
The cavity resonator dynamics can be reformulated as a
state space system as
ẋ(t) = Ax(t) + Bu(t)
y = C x(t),

(2)

where the states, input and output are respectively given
"
#
"
#
"
#
VI (t)
u I (t)
VI (t)
by x(t) =
, u(t) =
and y(t) =
,
VQ (t)
uQ (t)
VQ (t)
and the state space matrices are introduced as follows
"
#
−ωh −∆ω
A=
∆ω −ωh
"
#
ω
0
B= h
(3)
0 ωh
"
#
1 0
C=
0 1
The transfer functions from the inputs to the outputs can
be found using G(s) = C(sI − A) −1 B as
"

#
1
VI (s)
=
VQ (s)
D(s)

 s + 1
 ω h∆ω
 ω h

#
"
− ∆ω
ω h  u I (t)
 u (t) ,
s
Q
ω h + 1

(4)

2
with D(s) = ( ωsh +1) 2 +( ∆ω
ω h ) . This cavity model is valid
around the baseband frequency, for a single fundamental
mode (π-mode). This model will be used to develop the
NO-ILC.
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TOWARD AUTONOMOUS PHASING OF ISAC HEAVY ION LINACS∗
O. Shelbaya† , S. Kiy, O. Kester, R. Baartman, TRIUMF, Vancouver, Canada
Abstract
Ongoing development work at TRIUMF aims to implement a model-based tuning approach for accelerators, with
the goal of automation of tuning tasks and minimizing tuning times. As a part of this, work is underway toward the
development of an analytical model of the linacs using the
methodology of Hamiltonian based beam envelope dynamics. The TRIUMF High-Level Applications (HLA) project
has been developing software that allows direct interfacing
with the control system. The envelope code TRANSOPTR
is now being extended to simulate the ISAC-II Superconducting Linac. Within the emerging HLA framework, this
will allow for automated phasing and tuning of the linac.
The steps of the model development will be presented in this
contribution.

INTRODUCTION
ISAC, the Isotope Separator and ACcelerator, is TRIUMF’s ﬂagship laboratory for rare-isotope research. The facility postaccelerates beams produced using the isotope separation on-line (ISOL) method, using the TRIUMF 520 MeV
cyclotron as a driver for proton induced rare isotope production. High-energy heavy-ion beam delivery at ISAC
is subdivided into two areas: ISAC-I and ISAC-II, using
three principal accelerators working in sequence. First, an
8 m long, 35 MHz CW radiofrequency quadrupole (RFQ),
which features a unique separated pre-bunching function, accepts low energy DC beams and provides initial acceleration
to 0.153 MeV/u. RFQ beams are then injected in a separated function, 106 MHz IH-type KONUS [1] drift tube linac
(DTL), featuring 5 accelerating tanks and 3 bunchers, enabling a variable output energy range of 0.153 to 1.53 MeV/u
for delivery to high energy experiments at ISAC-I. Further
acceleration, up to ∼15 MeV/u (for A/Q = 2) in ISAC-II, is
achieved with the superconducting linac (SCL), consisting
of 40 sequential two gap quarter-wave cryogenic niobium
resonators.
Considerable overhead is incurred in the operation of the
DTL and SCL, both requiring periodic manual re-phasing
by operators to accommodate daily changes in energy and
isotope species. Adding to this, the operational complexity of the present network of beamlines will triple with the
connection of the new ARIEL facility to the existing ISAC-I
and -II. This has led to the identiﬁcation of linear accelerator tuning overhead as an important issue that must be
addressed to support the laboratory’s future vision. To this
end, TRIUMF has established a High-Level Applications
project group (HLA), to develop methods and software that
will enable these ambitious goals.
∗
†
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In parallel to this, work has now been underway for several
months to build a continuous end-to-end model of the ISAC
accelerators, using the envelope code TRANSOPTR [2, 3].
This work, partly motivated by the observation of diurnallike transmission variations across the ISAC accelerators [4],
aims to implement a full modelization of the above discussed
accelerators enabling both the study of machine behaviour
and a model-based tuning method. In addition, it will allow
for the development of automated tuning procedures, via the
HLA suite of web-based control room applications [5].

ACCELERATOR PHASING AND HLA
Longitudinal tuning of both the DTL and SCL is performed manually by cavity electric ﬁeld and phase adjustment, while monitoring beam energy spectrum on a diagnostic device. In the case of the DTL, full beam interception
is presently required, with accelerated beam being sent to a
beam proﬁle analyzer after deﬂection through a 90◦ dipole
magnet, itself requiring manual operation. In the case of
SCL, a trio of ﬂight time monitors, located on a zero-degree
beamline are used to extract beam energy measurements
required for tuning. In both cases, an operator undertakes
the iterative process of tuning the cavity, which aﬀects the
longitudinal beam properties. As this occurs, the transverse
tune must periodically be adjusted to accommodate for the
adjusted beam energy.
The HLA platform’s novel ability to interface with the
laboratory’s control system now enables communication
with and control of all beam transport and accelerator tuneable control variables at ISAC [6]. This way, control system
values for the accelerators and beamlines, in addition to readbacks from beam monitoring diagnostic devices may now be
fed into a model, such as TRANSOPTR, thereby enabling
real-time simulations with feedback implementation, via the
HLA framework. As DTL accelerating cavities, each of
which have a unique design, contain up to 15 accelerating
gaps, while the 40 SCL cavities consist of three separate
designs; one for the lower β SCB and two for the higher β
SCC designs, each of which consist of two-gap resonators,
the SCL is an ideal candidate for initial TRANSOPTR implementation and testing.
The ﬁrst step of this implementation is the computation of
the on-axis, longitudinal electric ﬁeld component, which is
used by TRANSOPTR to integrate the eﬀects of electric ﬁeld
interaction with the beam and the resulting evolution of the
second moments deﬁning the overall beam envelope [7, 8].
In the case of the SCL, this ﬁrst computation was based
on the TRIUMF Design Oﬃce technical drawings detailing
the geometry of the cavities’ accelerating gaps, in particular
the ﬁrst SCB cryomodule. Both the computed ﬁeld and the
TRANSOPTR implementation are presented below.
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THE ESSνSB TARGET STATION
E. Bouquerel†, L. D’Alessi, E. Baussan, M. Dracos, IPHC, Université de Strasbourg, CNRS/IN2P3,
F-67037 Strasbourg, France
P. Cupial, M. Koziol, AGH, University of Science and Technology, Kraków, Poland
N. Vassilopoulos, Institute of High Energy Physics, CAS, Beijing 100049, China
on behalf of the ESSνSB project
Abstract
The ESSνSB project, financed by the EU H2020 programme as a 4-year design study (2018-2021), proposes to
use the protons produced by the linac (2 GeV, 5 MW) of
the European Spallation Source (ESS), currently in construction at Lund (Sweden) to deliver a neutrino super
beam [1]. It follows the investigations made by the FP7
Design Study EUROν, which compared different options
for future neutrino facilities. The primary proton beam line
completing the linear accelerator will consist of one or several accumulator rings and a proton beam switchyard. The
secondary beam line producing neutrinos will consist of a
four-horn/target station, a decay tunnel and a beam dump.
A challenging component of this project is the enormous
target heat load generated by the 5 MW proton beam. In
order to reduce this heat load there are going to be four
targets, which will be hit in sequence by the compressed
proton pulses, thereby reducing the beam power on each
target to 1.25 MW. The hadron collection will be performed by four hadron collectors (magnetic horns), one for
each target. Each of these target/hadron-collector assemblies will receive an average beam power of 1.25 MW,
which is twice as high as in other neutrino projects at present. The status of the design of the target station for the
ESSνSB project is discussed here.

An accumulator ring compressing the pulses to about
1.3 µs time width is mandatory to reach the power dissipation requirements for the target station. A first estimation
gives a ring having a circumference of about 376 m, compact enough to be located in the already allocated ESS area.
Each pulse from the ESS LINAC will contain 2.2x1014 protons, which for an un-normalized beam emittance of 70120 π mm mrad in the ring by multi-turn injection would
lead to the space-charge tune shift of about 0.05 [4]. The
H- ions will be fully stripped during the injection into the
accumulator using either stripping foils or a laser-stripping
device.

THE TARGET STATION LAYOUT
The Target Station includes the proton target itself, the
hadron collector, the decay tunnel and the beam dump
(Fig.1).

Target and Hadron Collector
The design of this element consists of four titanium targets, each surrounded by one magnetic horn made of aluminium (Fig.2).

ESSνSB PROJECT
The ESSνSB (standing for European Spallation Source
Neutrino Super Beam) project proposes to use the high
power LINAC of the ESS facility based at Lund in Sweden
as a proton driver to produce an intense neutrino beam. A
Water Cherenkov type detector, MEMPHYS [2, 3], will be
located in a deep mine near the second neutrino oscillation
maximum (540 km).
ESS will deliver by 2023 a first proton beam for neutron
production at the nominal power of 5 MW and energy
2.0 GeV distributed in 14 pulses of 62.5 mA current with
2.86 ms time width per second. To allow the LINAC to
generate a neutrino beam in parallel with the spallation
neutrons, some modifications of the accelerator are necessary. A preliminary study of these modifications that are
required to allow simultaneous acceleration of H+ (for neutron production) and H− (for neutrinos) ions at an average
power of 5 + 5 MW has been made.

Figure 2: Horn layout (the targets are inside the horns).
The interaction of the protons with the target material
will lead to the production of short-lived mesons, mainly
pions, producing neutrinos by their decay. This represents
a considerable challenge for the hadron collector and its
power supply. A first design demonstrated on paper that the
construction is feasible [1]. Studies are made to adapt this
system to the new ESSνSB conditions.
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LARGE-SCALE OPTICAL SYNCHRONIZATION SYSTEM OF THE
EUROPEAN XFEL WITH FEMTOSECOND PRECISION
T. Lamb† , M. K. Czwalinna, M. Felber, C. Gerth, T. Kozak, J. Müller,
H. Schlarb, S. Schulz, C. Sydlo, M. Titberidze, F. Zummack
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany
Abstract

system has been built and is operated 24/7 at the European
XFEL, see Fig. 1 for a schematic overview.

Femtosecond pulsed optical synchronization systems have
evolved over the last few years and are now a mature technique to synchronize FELs. A large-scale femtosecondprecision synchronization system with up to 44 end-stations
has been constructed at the European XFEL to meet the
FEL synchronization stability requirements. The synchronization system is used to phase-lock various laser systems
with femtosecond accuracy, to precisely measure the electron bunch arrival time along the accelerator for fast arrival
time feedbacks and to locally phase stabilize the phase of
the RF reference signals for the accelerator RF controls on a
femtosecond level. The architecture of the large-scale synchronization system and design choices made to achieve the
reliability, maintainability and performance requirements
are presented together with measurement results from the
past year of operation.

OPTICAL SYNCHRONIZATION SYSTEM
Master Laser Oscillator
The core component of the optical synchronization system
is a commercial, passively mode-locked semiconductor saturable absorber mirror (SESAM) based master laser oscillator (MLO) at a wavelength of 1553 nm and with a repetition
rate of 216.7 MHz (the sixth sub-harmonic of 1.3 GHz RF
reference of the accelerator). Two redundant master lasers
are permanently operated in order to avoid a single point
of failure. They are situated in the main synchronization
laboratory within the accelerator injector building and synchronized in a phase-locked loop (PLL) to the 1.3 GHz RF
master oscillator (RF-MO).

Free-Space Distribution
INTRODUCTION
The European X-ray Free-Electron Laser (XFEL) uses
a superconducting linear accelerator (linac) providing
17.5 GeV electron beam energy and up to 27000 bunches
per second to drive the FEL. As a user facility, the European
XFEL is delivering ultra-short soft and hard X-ray pulses
with extremely high brilliance and a duration in the femtosecond range. In order to perform time-resolved pump-probe
experiments, the synchronization between the FEL and the
pump-probe laser systems needs to be on the same timescale.
To meet the requirement a pulsed optical synchronization
0m

A free-space distribution (FSD) comprised of polarizing beamsplitter cubes and half-wave plates is used to distribute the laser beam from the MLO to 24 link stabilization units (LSUs). Currently, 18 of these units have been
commissioned and are permanently operated. The FSD
is installed in a precisely climate controlled (peak-to-peak
< 0.1 K, < 3 %RH) environment to provide the best diﬀerential stability (< 1 fs) between end stations. Further details
on the type of optical table, the ventilation concept, beam
distribution and stability considerations can be found in [1].
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Figure 1: Layout of the pulsed optical synchronization system of the European XFEL. Stabilized ﬁber links, MLO/SLO and
FSD are presented in red. The RF reference distribution system including the RF-MO and the REFM-OPTs is shown in
blue. BAMs are illustrated in green and external laser systems in orange.
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COLLIMATION OF TARGET INDUCED HALO FOLLOWING MAGIX AT
MESA
B. Ledroit† , K. Aulenbacher1 , Institute for Nuclear Physics,
Johannes Gutenberg-Universität, Mainz, Germany
1 also at Helmholtz Institute Mainz, Germany
1 also at GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Abstract
The Mainz Energy-recovering Superconducting Accelerator (MESA) will be an electron accelerator allowing operation in energy-recovery linac (ERL) mode. It provides the
opportunity to operate scattering experiments at energies
of ∼ 100 MeV with thin gas-targets. The MESA Internal
Gas Target Experiment (MAGIX) aims to operate windowless jet targets and diﬀerent gases up to Xenon to search
for possible dark photon interactions, to precisely measure
the magnetic proton radius and astrophysical S-factors. Investigations on the impact of the target on beam dynamics
and beam losses are required for machine safety and to examine limits to ERL operation. The goal of this work is to
understand target induced halo in the diﬀerent experimental
setups, track halo particles through downstream sections
to examine beam losses and include a suitable collimation
system and shielding into the accelerator layout to protect
the machine from direct and indirect damage through beam
losses and radiation. The present status of the investigations
is presented.

This is a preprint — the final version is published with IOP

MESA
A brief overview of MESA and its beam line is provided
in [1, 2]. This paper continues studies presented in [3] and
focuses on the ERL mode for MAGIX, for which a beam
line is set up so that the beam phase at peak energy can
be shifted 180° with respect to the cryomodule RF. MESA
provides an electron beam of 1 mA with up to 105 MeV in
ERL mode. After passing the MAGIX target, the beam is
recirculated into the cryomodules for energy recovery down
to the injector energy of ERec = 5 MeV before being dumped.
It is of fundamental importance to restrict the fraction of
lost beam power to a reasonable amount to eﬀectively utilize
the advantages of energy recovery. This work is therefore
dedicated to the design of suitable collimator setups for
MESA ERL mode.

MAGIX
A short overview of MAGIX is given in [4, 5]. MAGIX
will operate a windowless gas jet target. The gas jet is generated in a pressure head and vertically accelerated to supersonic speeds through a Laval nozzle. A gas catcher on
the opposite side collects the majority of the gas, ensuring as good as possible vacuum conditions in the interaction section. The target can reach particle area densities of
†

bledroi@uni-mainz.de

1019 cm−2 [4]. Starting with Hydrogen targets, MAGIX aims
to operate with various gases with higher nuclear charges Z
up to Xenon.

TARGET INDUCED HALO (TAIL)
Operating at the MESA beam current of > 1 mA, MAGIX
will achieve a luminosity L ∼ 1035 cm−2 s−1 which will allow a wide range of experiments. Due to interaction with
the target, inevitable beam losses are induced since particles are scattered into regions of the phase space which are
outside of both the acceptance of the experiment and of the
accelerator. The main loss mechanism is elastic Coulomb
scattering under small angles. Due to the form of the cross
section, the number of such particles will be proportional
to Z 2 . Since the signal rate in most of the experiments also
scales with this factor, the "eﬀective" luminosity is almost
constant. In some of the simulations presented below it
proved advantageous to use high Z target materials since
stronger interaction leads to statistically signiﬁcant results
in shorter simulation time. The actual range of the losses is
determined by the experimental arrangement of MESA and
MAGIX, for instance beta function at the target, aperture
sizes and maximum beta function during the deceleration
process. The simulations presented below take the actual
conditions into account. They indicate that for the mentioned
eﬀective luminosity, losses of several Watts are expected until the ﬁrst decelerating cryomodule. This is only ∼ 10−4 of
the total beam intensity of 105 kW at the target or 2 × 10−3 of
the beam power after energy recovery PRec = 5 kW. Losses
after deceleration still have to be simulated, but are expected
to be smaller. A luminosity limit can be deﬁned based on the
fact that power losses should remain about an order of magnitude smaller than the beam power after recovery, leading
to:
1
Lmax = 2 × 5 × 1036 cm−2 s−1
Z
for MAGIX in the present arrangement. For a hydrogen target of the density mentioned above, this is still well above the
luminosities that could be achieved at MESA-stage 2, which
will operate with 10 mA of beam current. Power losses of
"only" a few Watts may seem tolerable, but since they happen more or less continuously over the whole length of the
deceleration beam line, the induced radiation may lead to remanent radioactivity, damage to sensitive electronics and/or
background in the experiment. Moreover, beam losses in
the cryomodules should be minimized. The purpose of the
following investigation is to make realistic simulations of
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A FEEDBACK SYSTEM TO MINIMIZE THE ELECTRON BUNCH
ARRIVAL-TIME JITTER BETWEEN FEMTOSECOND LASER PULSES
AND ELECTRON BUNCHES FOR LASER- DRIVEN PLASMA
WAKEFIELD ACCELERATORS∗
S. Mattiello† , Andreas Penirschke, Technische Hochschule Mittelhessen, Friedberg, Germany
Holger Schlarb, DESY, Hamburg, Germany
Abstract
In a laser driven plasma based particle accelerator a stable
synchronization of the electron bunch and of the plasma
wake field in the range of less than 2 fs is necessary in order to optimize the acceleration. For this purpose we are
developing a new shot to shot feedback system with a time
resolution of less than 1 fs. We plane to generate stable THz
pulses by optical rectification of a fraction of the plasma
generating high energy laser pulses in a nonlinear lithium
niobate crystal. With these pulses we will energy modulate the electron bunches shot to shot before the plasma to
achieve the time resolution. In this contribution we will
focus on realization aspects of the shot to shot feedback system and the lithium niobate crystal itself. Here we compare
different approximations for the modeling of the generation
dynamics (second order or first order calculation) and of the
dielectric function (influence of the dispersion relation, of
the free carries generated by the pump adsorption and their
saturation, depletion of the pump) in order to investigate the
importance of a detailed description of the optical properties
for the THz generation.

INTRODUCTION
Particle accelerators are important tools for fundamental
research as well as for the industry and human life. Nevertheless, the technology of standard accelerators is coming
to its limit given by the physical-chemical properties of the
material used for the construction as well as by the huge
size of new accelerators and by the financial costs. Plasmabased particle accelerators driven by laser beam overcome
these problems because of their extremely large accelerating
electric fields [1]. Currently, the acceleration gradients of
conventional linear accelerators are limited to 10 MVm−1 [2].
However, the acceleration gradients of laser-driven particle
accelerators can be in the order of 1 TVm−1 . In this method,
known as plasma wakefield acceleration (PWA), the period
of these fields is in the range of 10 fs, so that for an optimization of the acceleration a stable synchronization of the
electron bunch and of the plasma wakefield in the range of
few femtoseconds is necessary. Therefore, we are planning
a new shot to shot feedback system for SINBAD, which
should be able to synchronize the electron bunch with the
plasma exciting laser pulse with a time resolution of less

than 1 fs. In a first step, stable Terahertz (THz) pulses should
be performed by optical rectification (OR) of high energy
laser pulses in a periodically poled lithium niobate crystal
(LiNbO3 ) (PPLN). These pulses allow an energy modulation
in the modulator placed in a chicane of the electron bunch
in order to achieve the required resolution [3]. This paper
focuses on the first step of the feedback system in order to
understand the dependence on the conversion efficiency of
the THz generation, defined as [3, 4]
∫∞
πϵ0 c 0 dωT n(ωT )|ET (ωT, z)| 2
,
(1)
η=
FL
on the laser intensity and on the optical properties of the
nonlinear crystal. Herby ET is THz frequency component
of the electric field and FL and ε0 indicate the pump fluence
and the vacuum dielectric constant respectively.
The paper is organized as follows. First, we derive the general equations for the description of the THz generation and
then we introduce two different methods in order to include
the effects of the laser pump on the crystal and we compare
the corresponding results for the efficiency. The conclusions
finalize this work.

MODELING THE THZ GENERATION
Following [4–7], an one dimensional system of coupled differential equation for the laser pulse EL (ωL, z) =
AL (ωL )e−ık(ωL )z and for the THz wave ET (ωT, z) =
AT (ωT )e−ık(ωT )z can be derived from the Maxwell equations
as
!
ωT2
∂2
+ 2 ε(ωT ) ET (ωT, z) = GT (ωT, ωL, z) (2)
∂z 2
c
!
ωL2
∂2
+ 2 ε(ωL ) EL (ωL, z) = GL (ωL, ωT, z), (3)
∂z 2
c

where ε(ω) is the generalized (complex) dielectric function
and the inhomogeneous term GL and GT are related to the
nonlinear polarizations in the optical and THz frequency
range respectively.
In almost all investigations a slope varying approximation
(SVA) is used [4, 8–10], in which neglecting the second
spatial derivatives of the amplitudes Am with m ∈ L, T leads
to coupled system of linear differential of the first order,
∗ The work of S. Mattiello is supported by the German Federal Ministry of


∂
αm (ωm )
Education and Research (BMBF) under contract no. 05K16ROA.
+
Am (ωm, z) = GSVA
(4)
† stefano.mattiello@iem.thm.de
m (ωT, ωL, z)
∂z
2
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AUTOMATIC LOOP FOR CARRIER SUPPRESSION IN ATTOSECOND RF
RECEIVERS
U. Mavric†, M. Hoffmann, F. Ludwig, H. Schlarb, L. Springer, Deutsches Elektronen-Synchrotron,
DESY, Hamburg, Germany
Abstract
The carrier suppression interferometer method can be
used as a radio receiver architecture which allows for
detection of RF signals in the attosecond range. The carrier suppression scheme requires an automatic carrier suppression circuit which provides stable operation of the RF
receiver in the best operating point. In the poster we investigate the requirements for such an algorithm, evaluate
the achievable closed loop bandwidth and the side effects
on the overall-performance. In addition we apply the
carrier tracking to simplify and automate the characterization of various electronic phase shifters and attenuators in
the as-range.

phase shifter and variable attenuator which are located in
one of the branches (see Figure 1). The same 1.3 GHz
source is used to generate all the required signals to
down-convert and sample the RF signal. The sampled
signal is processed in an FPGA and transmitted over PCIe
to a CPU. In parallel a second FPGA controls the DACs
which drive the actuators (phase shifter and attenuator).
The actuators are controlled by the same CPU over Ethernet.

PROBLEM DEFINITION
The carrier suppression interferometer [1] used for attosecond receivers [2] requires a large suppression of the
carrier before the residual of the carrier along with the
signal is amplified by the high-gain, low-noise RF amplifier.
In this paper we investigate some of the limitations and
requirements for an automatic procedure which will keep
two RF vectors of a given frequency at the optimal amplitudes and phases relative to each other so that the combined result includes the lowest (in amplitude) possible
vector of a given frequency. The automatic process should
take into account influences coming from the environment (e.g. temperature, humidity, vibrations) and should
consider that the phases and amplitudes of the two vectors
can be in an unknown state at the process start-up.
Considering the block-diagram of the setup shown in
Figure 1 the following system related questions are of
concern:
1. The resolution of the DACs driving the phase
shifters, variable attenuators or other microwave structures.
2. How fast can we follow the carrier changes and
compensate for them?
3. Does the system need actuators of various sensitivities at given standard DACs?
4. What type of control algorithm to use?

SYSTEM OVERVIEW
Figure 1 represents the setup that was used to develop,
test and study the automatic carrier suppression procedures. The main RF signal is generated by a common RF
source operating at 1.3 GHz. The source is split and
passed through various branches which are then recombined. The automatic procedure controls the variable
___________________________________________
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Figure 1: Block diagram of the measurements setup. The
carrier suppression interferometer is implemented with
connectorized components. The down-conversion, digitalization and CPU are centralized in a MicroTCA.4 crate.
All the algorithms are running on the CPU.A one line
figure caption is centred.

ALGORITHM IMPLEMENTATION
The proposed automatic process consists of two steps.
The first step is slow and it addresses the problem of the
unknown initial state. The second step is faster and it
addresses the problem of a long-term tracking of the suppression, which is independent of the environmental
changes. We have investigated two types of possibly
faster algorithms. Feedback on the detected amplitude/phase and the method where we determine the correction based on 3 measured points of the suppression.

Slow Algorithm
In the first step both actuators are swept over their full
range and the optimum control voltage is registered. The
amplitude and phase control is done alternately. At each
pass the range of voltage sweeps and the granularity of
the driving voltages are decreased. The speed at which
these two parameters fall with each pass defines the speed
of convergence and quality of convergence (what suppression level are we able to achieve). The current settings use − for voltage step and − for sweep ranges
and experiments show they are robust. The algorithm has
always been able to find a suppression value in the range
of -80dB within 20 iteration steps.
The algorithm can be implemented on a server level as
the first step in the carrier suppression process. The slow
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SENSITIVITY ANALYSIS OF FEEDFORWARD BEAM CURRENT
COMPENSATION FOR IMPROVED BEAM LOADING ROBUSTNESS∗
D. Mihailescu-Stoica† , TU Darmstadt RMR, Darmstadt, Germany
D. Domont-Yankulova, TU Darmstadt TEMF and RMR, Darmstadt, Germany
D. Lens, GSI, Darmstadt, Germany
H. Klingbeil, GSI and TU Darmstadt TEMF, Darmstadt, Germany

Abstract

The planned SIS100 heavy ion synchrotron at the Facility
for Antiproton and Ion Research (FAIR) in Darmstadt, Germany will possess twenty ferrite accelerating cavities in its
final stage of extension. During the intended acceleration
cycles, the cavities will encounter significant beam loading
effects, which have to be handled by the control systems. As
both the generator- and beam-current act on the same system input, a feedforward disturbance compensation can be a
promising approach to improve beam qualities and suppress
instabilities induced by the beam current. Particle tracking
simulations, incorporating twenty ferrite cavities and their
attached LLRF control systems, are performed to analyse
the sensitivity of the beam quality with respect to errors in
the feedforward beam current compensation. The main focus lies on the time after injection from a pre-accelerator,
where most cavities in the SIS100 do not provide any gap
voltage and thus are particularly sensitive to induced voltages by beam currents if the cavities are not or only partly
short-circuited.

INTRODUCTION

Significant beam current can seriously deteriorate the
beam quality by inducing a parasitic gap voltage which
has a destabilizing effect on the beam dynamics and thus
leads to emittance growth. In order to guarantee satisfactory
beam characteristics, appropriate counter measures have to
be taken. Particularly critical are the phases of injection
and slow extraction where the required gap voltages are typically low and the majority of the ferrite cavities operate in
idle mode. For the precursor accelerator SIS18, detuning of
the cavities is a convenient procedure in order to assure robust operation related to high beam currents. However, significant side bands arise due to the existence of empty buckets in the SIS100 accelerator, which makes beam current
handling via detuning particularly challenging, especially
as the quality factors of the ferrite cavities are relatively low,
c.f. [1, 2].
As an alternative approach we consider a feedforward disturbance compensation and analyze the sensitivity of the
beam dynamics with respect to parametric errors of the
beam current cancellation. The primary focus lies on the
injection phase, where bunches from the pre-accelerator are
∗
†
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Figure 1: Block diagram of individual cavities with their
attached control loops and beam dynamics.
successively injected pairwise until eight out of ten buckets
are filled.
In the following we will give a brief overview about the
system dynamics and the assumptions underlying the simulation model. Thereupon the results of extensive numerical simulations are presented in order to analyze the disturbance compensation.

LONGITUDINAL DYNAMICS MODEL
Within the scope of this work solely the longitudinal dynamics are considered. This simplification is justifiable as
transient and longitudinal dynamics are sufficiently time
scale separated. The planned accelerator design for SIS100
will consist of twenty tunable accelerating ferrite cavities,
each being able to provide a maximum gap voltage up to
20 kV. Their individual system dynamics can be modeled
sufficiently accurate around a given operating point by a
lumped parallel circuit with the transfer function
Ugap (s) =

1
Cp s

s2 +

1
Rp Cp s

+

1
Lp Cp

[IG (s) − IB (s)] ,

(1)

with Ugap being the gap voltage, IG the generator current,
IB the beam current and Rp , Cp , Lp being the parallel resistance, capacitance and inductance, respectively [3]. The
parameter Rp ∈ [2kΩ, 3kΩ] is set point dependent and therefore modeled as a nonlinear characteristic. In contrast, the
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AN MTCA.4 BASED POSITION FEEDBACK APPLICATION USING
LASERINTERFEROMETER S
K. Przygoda∗ , P. Wiljes, S. Pfeiffer, L. Butkowski, H. Schlarb
DESY, Hamburg, Germany
Abstract
To perform experiments on the nanometer scale at high
brilliant x-ray light sources, it is highly recommended to
have the mechanical components of the experiment, like
lenses, mirrors and samples, as stable as possible. Since
these components need to move from nanometer up to millimeter range they cannot be stabilized by only using rigid
structures. For that reason an active stabilization system with
fast and precise sensors needs to be developed. Here a Laserinterferometer is used, which provides picometer resolution
at several MHz sample rate. In this paper we will present a
laboratory setup which consists of a 6-slot Micro Telecommunication Computing Architecture generation 4 (MTCA.4)
crate with standard components such MicroTCA carrier hub
(MCH), central processing unit (CPU), power supply (PS)
and cooling unit (CU). The Interferometer application has
been setup with Deutsches Elektronen-Synchrotron (DESY)
advanced mezzanine card (DAMC-FMC20) data processing
unit, DESY Field Programmable Gate Array (FPGA) mezzanine card (DFMC-UNIO) universal input and output extension and DESY rear transition module (DRTM-PZT4) piezo
driver. The encoder signals given by the interferometer controller are processed within the FPGA and then forwarded
to the piezo amplifier RTM-board. The signal processing
application includes decoding the digital feedback signal,
calculating the coordinate transform for specific experimental setups and closed-loop operation based on a proportional
integral derivative (PID) controller. The first results of the
laboratory setup are demonstrated and briefly discussed.

of 1 pm and several MHz sample rate is commonly used.
The idea of this device is to split a light source into two
arms. Each of those light beams is reflected back toward the
beamsplitter which then combines their amplitudes using
the superposition principle. The resulting interference pattern that is not directed back toward the source is typically
directed to some type of photoelectric detector or camera.
For different applications of the interferometer, the two light
paths can be with different lengths or incorporate optical
elements or even materials under test. In the paper we would
like to present experimental laboratory setup that consists
of MTCA.4 based electronics, PicoScale Laserinterferometer from SmartAct and piezo motor P820.10 from PI with
glued tiny optical mirror on it. The system has been established in Deutsches-Elektronen Synchrotron (DESY) as a
part of research and development (R&D) program for the
future planned Light Source upgrades such PETRA IV or
FLASH2020+ experiments.

SYSTEM OVERVIEW
The laboratory setup of position feedback application using Laserinterferometer consists of 6-slot MTCA.4 crate
equipped with MCH, PS, CPU, CU, DAMC-FMC20 and
DRTM-PZT4 components, a PicoScale Laserinterferometer
and P820.10 piezo motor as it is shown in Fig. 1. The piezo
Piezo

Sensor head

Mirror

INTRODUCTION
During an experiment with a Laser beam, all components
like focusing optics, mirrors and the sample must not move
relatively to each other. To achieve that, the best way is
to mount all the components as stiff as possible, which is
not always a solution, since most of the components need
to be moved due to alignment procedures and to scan the
sample. In case of using an x-ray Laser beam, these motions have to be commanded remotely due to the hazardous
radiation environment. In order to perform experiments on
the nanometer scale, motors and sensors have to be capable
of resolving sub-nanometer resolution. For this task piezo
drives have become quite popular. They consist of a stack
of piezo electric plates, which extent with respect to an applied voltage [1]. The force of this piezo stack is transmitted
to a movable platform by a flexure guide to avoid mechanical backlash as well as friction. To measure the piezo’s
position, a Michelson-Laserinterferometer with a resolution
∗
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LaserInterferometer

DRTMPZT4

DAMCFMC20

DFMCUNIO

Figure 1: The block diagram of position feedback application using Laserinterferometer and MTCA.4 based electronics. The MTCA.4 crate with standard components is omitted
for the clarification.
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PIEZO CONTROLS FOR THE EUROPEAN XFEL
K. Przygoda∗ , L. Butkowski, M. Omet, M. Hierholzer, M. K. Grecki, J. Branlard, H. Schlarb
DESY, Hamburg, Germany

The piezo control system for the E-XFEL consists of
PZ16M module. It is 16-channel, 19 inch unit supporting
driving and sensing up to 16 piezo actuators and sensors simultaneously (see Fig. 1). The PZ16M communicates with
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Figure 1: The block diagram of PZ16M module.
outside world using optical link connectivity. The piezo
driver module has been equipped with piezo energy monitor
(PEM) unit in order to protect piezos against failure [2]. The
idea of the circuitry is to generate alarm if piezo energy
safety threshold is reached. In addition, the PEM has been
equipped with external over-current protection to avoid damage of the power electronics. The piezo driver outputs are
disconnected from the load by default using a set of relay
switches. In addition, the lifetime of each piezo element is
extended by use of an actuator and a sensor relay switches.
The heat dissipation of PZ16M is supported by a dedicated
cooling system composed. The top FANs are used to dissipate heat from the power amplifiers matrix. The bottom
FANs are provided to dissipate heat from integrated power
supply units. The high voltage power supply unit of 170 Vpp
is controllable by PEM logic. The PEM is switching off the
high voltage supply unit when any kind of alarm is triggered.
The PZ16M device after power cycle cannot drive piezos.
The high voltage power supply is off by default. The normal
operation of the module is only possible when all alarms
and an external input from cryogenic plant (CRYOK) are
inactive.
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The 1.3 GHz SCRF cavities of E-XFEL linac are typically operated in a short pulse (SP) mode. In SP mode a
duration of a single RF-pulse is about 1300 µs repeated typically ten times per second. Due to the fact the full width
at half maximum (FWHM) bandwidth of a cavity resonator
in such mode (Eacc ∼23.6 MV/m; Q L ∼4.6·106 ) is 283 Hz,
the leading source of the RF field disturbance is the LFD.
The required cavity detuning for the E-XFEL is to be less
than 10 Hz, and for this purpose cavities are equipped with
the piezo tuners. The piezo tuner of each cavity is equipped
with redundant piezo element. The one piezo can be used as
an actuator while the second one as a mechanical vibrations
sensor. The E-XFEL linac is composed of 25 RF stations.
The each RF station is driven by its own high power RF
source (10 MW klystron). The single RF station consists
of 32 cavities controlled by vector sum based low-level RF
(LLRF) controller [1]. The first 16 cavities are sensed by
the master controller. The next 16 cavities are probed by
the slave system. The partial vector sum of both systems is
summed and the final drive is generated. In addition, each
of the master and slave system is calculating detuning from
32 cavities. The detuning information is used to control
resonance frequency of each cavity individually. As a result
the piezo controls must provide a reliable high voltage, high
current drive for 800 piezo elements in total. In order to
∗

PIEZO CONTROL SYSTEM OVERVIEW

PWM

The European X-Ray Free Electron Laser (E-XFEL) accelerator is a pulse machine. The typical time duration of a
radio frequency (RF) pulse is about 1.3 ms. The RF power
transmitted to the superconducting RF (SCRF) cavity as a
set of successive pulses (10 Hz repetition rate), causes strong
mechanical stresses inside the cavity. The mechanical deformations of the RF cavity are typically caused by the Lorentz
force detuning (LFD). The cavity can be tuned to 1.3 GHz
resonance frequency during the RF pulse using the fast piezo
tuners. Since the E-XFEL will use around 800 cavities (each
cavity with double piezos), a distributed architecture with
multi-channel digital and analog control circuits seems to
be essential. The most sought-after issue is high-voltage,
high-current piezo driving circuit. The driving electronics
should allow a maximum piezo protection against any kind
of failure. The careful automation of the piezo tuners control
and its demonstration for the high gradient conditions is also
a real challenge. The first demonstration of the piezo controls applied for chosen RF stations of the E-XFEL linear
accelerator (linac) are presented and obtained results are
briefly discussed within this paper.

fulfill this requirement a 16-channel piezo driver module
(PZ16M) has been delivered.

PWM
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NEW MICROTCA PIEZO DRIVER (PZT4)
K. Przygoda∗ , R. Rybaniec, M. Fenner, L. Butkowski, M. Hierholzer, H. Schlarb, C. Schmidt
DESY, Hamburg, Germany

Abstract

In the paper we would like to present a new Micro
Telecommunication Computing Architecture (MicroTCA)
piezo driver (PZT4). The piezo driver module is capable of
driving of 4 piezo actuators with high voltages up to 160 Vpp .
It is also possible to measure cavity mechanical vibrations
using 4 analog to digital converters (ADCs) ported to the
driver electronics. The new piezo driver can be supplied using internal 12 V payload power provided by the MicroTCA
generation 4 (MTCA.4) standard. For the applications that
need more than 30 W of the input power, the external power
supply module can be provided. In order to protect the piezo
driver electronics against output short condition a dedicated
supervision circuit is designed. The piezo driver module
has been setup at Cryo Module Test Bench (CMTB) facility
in Deutsches Elektronen-Synchrotron (DESY) as a part of
the single cavity low-level radio frequncy (LLRF) controls.
The LLRF control system has been used to demonstrate the
radio frequency (RF) field stabilization and cavity tuning
capabilities for continuous wave (CW) and pulse modes of
operation of 1.3 GHz superconducting RF (SCRF) cavity.
The preliminary results are demonstrated and briefly discussed.

front panel input connectors. The on-board ADCs allow
monitoring all crucial parameters such piezo current, voltage, power amplifier voltage and high voltage power supply
rails. The piezo driver unit has been equipped with a dedicated metal shielding. The special housing allows not only
user protection against touching of the high voltages but
also providing enough heat dissipation for both internal and
external power supply variants. The driver electronics also
supports interlock functionality. The RTM management is
compliant to the latest recommendation module management controller (MMC) version 1.0. The Zone 3 pin-out of
the RTM is compatible to the DESY digital classes D1.0,
D1.1 and D1.2 recommendations. In addition, the inside
electronics have been carefully studied and designed to be robust against any kind of shorts, over-voltage or over-current
conditions. The inside electronics safety analyzes allow
industrialization as well as Conformité Européenne (CE)
certification of the module. In the paper we present functional as well as destructive tests of the module performed in
the laboratory conditions. We also demonstrate an application of the module usage for the 1.3 GHz SCRF cavity tuning
using mechanical frequency tuners based on redundant piezo
elements.

INTRODUCTION

LABORATORY TESTS

The 4-channel piezo driver has been designed by DESY as
a rear transition module (DRTM-PZT4). The DRTM-PZT4
is compliant to MTCA.4 standard. The possible applications
include not only piezo tuners control of the SCRF cavity
but also precision object positioning, laser mirror steering,
synchronization of the pulsed lasers and an active fiber link
stabilization. It is equipped with an internal high voltage
power supply, four power amplifiers, digital to analog converters (DACs) and monitoring ADCs. The piezo driver
module simultaneously supports driving and sensing four
piezo actuators and four piezo sensors. Actuator and sensor functionality can be selected on the fly using on-board
switches. The dedicated inhibit switches are provided in
order to allow outputs connection and disconnection from
the load. The 4-channel power amplifiers can be supplied
using internal high voltage power modules (<30W) or using
external power supply source (>30W). The drivers have been
designed in a way to allow flexible operation of any kind
of piezo elements (unipolar, bipolar, at room and cryogenic
temperatures). The RTM can be operated with an advanced
mezzanine card (AMC) support or as a stand-alone card
(on-the-table operation). The piezo driving signals can be
generated by the FPGA on the AMC side using RTM DACs
or any other kind of external drive source connected to the

The RTM has been inserted to the MTCA.4 crate (12
Slot Schroff) with cooling units setup to 50% of the speed.
The internal power test has been performed using 100 nF
capacitance load connected to all four piezo driver output
channels. The driver outputs have been connected to the
load with inhibit relay switches and driven 160 Vpp each.
The frequency of the excitation for each of the channel has
been fixed to 1.25 kHz. Measured current consumption by
the RTM was 2.4 A at 12 V which gives a power dissipation
close to the RTM shutdown threshold of 30 W. During the
test the RTM temperature has been recorded using on-board
temperature sensors. The test has been carried out at the
room temperature of 19 degrees Celsius. The results are
shown in Fig. 1. Next the single channel of the piezo driver
has been connected to the dummy short with inhibit relay
switch and driven 0.1 V (initial offset by the power amplifier
electronics). The DC bias voltage has been increased with a
small steps (100 counts of the DAC code). The output current
as well as high voltage positive rail for each step have been
recorded as it is shown in Fig. 2. During the measurements
the high voltage power supply drop (from 100 V to 61 V) has
been noticed for the DAC input value reached 4000 counts.
Unexpected level of several volts drop occurred again with
strong oscillation on the output current (internal DC/DC
converter tried to recover from an exception condition) for
the DAC code of 8000 counts. Due to the fact the power
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A 300 mm LONG PROTOTYPE STRIP-LINE KICKER FOR THE HEPS INJECTION SYSTEM
L. Wang†, J. H. Chen1, H. Shi, G. W. Wang, L. H. Huo, N. Wang, P. Liu, X. L. Shi,
Key Laboratory of Particle Acceleration Physics and Technology, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing 100049, China
1
also at University of Chinese Academy of Sciences, CAS, Beijing 100049, China

Abstract

STRIP-LINE KICKER DESIGN

In the High Energy Photon Source (HEPS), the dynamic
aperture of machine is not large enough for off-axis injection for its baseline 7BA lattice design. So, a group of superfast kickers with about 10 ns pulse bottom width are
needed for on-axis swap out injection scheme. The design
about a couple sets of 300 mm long strip-line kickers is
presented. Five kickers as a module are placed in a stainless
steel vacuum vessel to solve the problem of longitudinal
space restriction in injection area. So far, the prototype development of strip-line kicker was completed. The results
of time-domain reflectometer (TDR) test and high voltage
pulse test show that the strip-line kicker can meet the requirement of the HEPS.

INTRODUCTION

The on-axis swap-out injection is the baseline design for
the storage ring in the high energy photon source (HEPS)
due to its very small dynamic aperture [1-3]. Superfast
kicker and pulser are required to minimize the perturbation
to stored beam during the injection [4-6]. The traditional
kicker magnet can hardly meet the speed requirement of
nanosecond magnitude. We adopt the strip-line kicker
which is a kind of counter TEM travelling wave kicker. It
was also used in APS-U injection system [7-9]. To reserve
the possibility of on-axis longitudinal injection in the future, we prefer the shorter kickers. In the final design, the
injection section layout of the HEPS storage ring is shown
in Fig.1. It is composed by eight strip-line kickers with
300mm long blades and a lambertson. The longitudinal
space for kickers is only 2.8m. The specification of injection kicker system for the storage ring is shown in Table 1.
The kickers are divided into 2 groups, and installed in 2
separated vacuum chambers. Here, a new kind of prototype
strip-line kicker with 5 cell compact structure was developed for the HEPS storage ring.

Figure 1: Injection section layout.
___________________________________________

* Work supported by NSFC (11475200 and 11675194)
† wanglei@ihep.ac.cn

The cross section shape of the strip-line kicker is shown
in Fig.2. In the figure, the parameters are used to optimize
the impedance of the strip-line kicker. Two D-shaped
blades placed vertical are used. Outer body with vanes geometry is adopted to match common-mode impedance. In
the longitudinal direction, the kicker cross section is kept
consistent, do not have tapered end sections [10-12].
Due to the longitudinal space constraints of the injection
straight section, it requires all the kicker units to be placed
in two vacuum tanks, which can save some space, instead
of separated kicker units with the corrugated connection
structure. And it also can contribute to the reduction of
beam impedance [13].
Table 1: Specifications of Injection Kicker System
Parameters
Total kick angle (mrad)
Kick direction
Length of strip-line kicker (mm)
Gap between two electrodes (mm)
Quantity of strip-line kicker
Good field region (mm)
Integral field uniformity
Odd mode impedance (Ω)
Even mode impedance (Ω)
Amplitude of electrical pulse (kV)
Bottom width of electrical pulse(ns)
Repetition rate-CW (Hz)
Degree of vacuum (Torr)

Value
2.656
Vertical
300
10
8
±2.3 (x),
±1.0 (y)
<±1%
50±1
<65
±17.5
10
50
10-9

Figure 2: The cross shape of the strip-line kicker.
The prototype we designed was composed of five kicker
units placed in a vacuum tank. Every kicker unit has 2 electrodes with 300 mm long that are placed in vertical direction. All the kicker units share the same one long outer
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REDESIGN OF THE JAVAFX CHARTS LIBRARY IN VIEW OF
REAL-TIME VISUALISATION OF SCIENTIFIC DATA
Ralph J. Steinhagen∗ , Harald Bräuning, Alexander Krimm, Timo Milosic
GSI Helmholtzzentrum, Darmstadt, Germany

Abstract

The accurate and performant graphical representation of
accelerator- or beam-based parameters is crucial for commissioning and operation in any modern accelerator. Based on
earlier GSI and CERN designs a new JavaFX based ChartFx
scientific charting library has been developed [1] that preserves the feature-rich and extensible functionality of established earlier Swing-based libraries [2, 3] while addressing
the performance bottlenecks and API issues. The library has
been optimized for real-time data visualization at 25 Hz for
data sets with a few 10 thousand up to 5 million data points
common in digital signal processing applications.
Relying on modular open interface abstractions, the library allows the exchange of the underlying technology if
necessary, while easing its use by casual developers as well
as allowing more-inclined developers to modify, add or extend missing functionalities. This contribution provides a
performance and functionality comparison with other existing Java-based charting libraries.

ARCHITECTURE
Based on earlier designs and analysis of missing functionalities, performance bottlenecks, and long-term maintenance
risks for the necessary workarounds, we decided that it was
worth to re-engineer a new scientific charting library that
preserves the functionality of established libraries, while
being conforming to JavaFX standards, and while addressing performance bottlenecks and API issues of the JavaFX
implementation. Visual examples illustrating some of its
functionalities are given in Figures 1 and 2.

INTRODUCTION

Charts are one of the most visible but at the same time often underappreciated accelerator control system components
even though these are crucial for easing and improving a
quick intuitive understanding of complex or large quantities
of data. In turn the understanding gathered through charts
is used to efficiently control, troubleshoot or improve the
accelerator performance.
Java has been adopted for FAIR’s accelerator settings supply and other control subsystems [4–6]. The possibility of
reusing server code on the client sides initially made the use
of Java’s Swing UI framework a favourable choice. Albeit
lacking native support for charting, a number of complementary third party libraries have been developed, some
with mixed quality and a very limited scope.
The JDataViewer is one of the more notable free, opensource and powerful exceptions to the rule and being extensively used at CERN and GSI [2, 3]. Unfortunately, its API is
bound to the – by today’s standard aging – Swing-based API
that is to be phased-out from the JDK latest by 2026 [7].
While its successor JavaFX provides a basic chart implementation, it presently still lacks significant functionalities
and performance for real-world scientific control room applications, typically requiring real-time update of large data
sets with 10k or more data points, visualisation of error-bars
and -surfaces, and user-interaction such as zooming and dataset editing. While third-party extensions address some of
the shortcomings [8,9], the rendering performance and other
∗

missing features issues remain. Many of the needed enhancements require workarounds around the original JavaFX API,
were impeded by method override restrictions (ie. ’final’
keyword), lack of abstract interfaces, or the low-level technology choice of rendering inefficient ’Scene’ graphs of
large and complex ’Node’ elements rather than, for example,
using native ’double’-based data point arrays.
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Figure 1: ChartFx example showing error-bar and
error-surface representations, display of mock meta-data,
ChartPlugin interactors and data parameter measurement
indicators (here: ’20%-80% rise-time’ between ’Marker#0’
and ’Marker#1’. More examples are available at [1].
The user-side API was kept compatible to JavaFX’s Chart
API in order to preserve a low entry-level learning curve,
easy interaction with other JavaFX UI code, and to keep
the required boilerplate code to a minimum. The internal
interfaces follow a more modular separation-of-concerns
paradigm and split the library into functional sub-modules:
DataSet containing the measurements data itself as well as
relevant meta information; a math sub-library that allows
performing common signal processing using the DataSet
interface; Chart with a Canvas pane as back-end for drawing the data; Axis responsible for the scaling, data sanitiza-
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NOVEL FPGA-BASED INSTRUMENTATION FOR PERSONNEL SAFETY
SYSTEMS IN PARTICLE ACCELERATOR FACILITY
S. Pioli1∗ , O. Frasciello1 , M. M. Beretta1 , P. Ciambrone1 , C. Di Giulio1 , B. Buonomo1 ,
M. Belli1 , P. Valente2 , A. Variola1
1 INFN-LNF - Frascati National Laboratory, Rome, Italy
2 INFN-Roma1 - Section of Rome, Italy

Abstract

INTRODUCTION

Particle accelerators require Personnel Safety Systems
(PSSs) in order to reduce as much as possibible the risk of
an accidental exposition of workers to ionazating radiation.
These kind of systems must provide access control to any
area involved with the accelerator facility (monitoring gates,
shielding doors, dosimetry stations, search and emergency
buttons) and produce an enabling signal to allow operation
to radio-frequency systems.
In order to design properly a PSS, regulation and best
practice guide lines and industrial standards are available,
like IEC-61508 on “Functional Safety” [1], NCRP report
88 on “Radiation Alarms and Access Control Systems” [2]
and ANSI report 43 on “Radiation Safety for the Design
and Operation of Particle Accelerator” [3].
∗
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Figure 1: Risk assessment priority for particle accelerator
facility.
At the National Laboratories of Frascati of the INFN,
we developed a method to design and commisioning
FPGA-based safety systems that could be involved for
personnel and machine protection (MPS), compliant with
the three standard listed in the previous paragraph. Such
systems are designed, from both hardware and software
point-of-view, to match with risk assessment and response
time requirments, Fig. 1, of the hosting particle accelerator
facility. According with our experience with IEC-61508
compliant safety systems [4], in this paper will be presented
prototypes developed to operate as PSS (because it has
higher constraints in terms of reliability compared to MPS)
in order to investigate the faseability of our method to
realize safety system suitable for new and old accelerator
facility of the INFN with modern technologies like FPGA
and dismiss old and expensive relay crates.
The project is split in two phases the development of this
FPGA instrumentation:
1. A first prototype, based on FPGA on-the-shelf devices,
have been used to test the method and especially the
FPGA from both hardware and software point of view.
2. A second prototype, based on custom FPGA design,
have been realized at INFN-LNF to test the method with
a complete configuration of master and slave units.
Next sections of the paper will focus on main aspects of
the safety-life-cycle developed in following to IEC-61508
standard, Fig. 2.
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Personnel Safety System for particle accelerator facility
involves different devices to monitor gates, shielding doors,
dosimetry stations, search and emergency buttons. In order to achieve the proper reliability, fail-safe and fail-proof
capabilities, these systems are developed compliant with
safety standards (like the IEC-61508 on “Functional Safety”,
ANSI N43.1 “Radiation Safety for the design and operation
of Particle Accelerator” and NCRP report 88) involving stable technologies like electro-mechnaical relays and, recently,
PLC. As part of the Singularity project at Frascati National
Laboratories of INFN, this work will report benchmark of
a new FPGA-based system from the design to the validation phase of the prototype currently operating as personnel
safety system at the Beam Test Facility (BTF) of Dafne facility. This novel instrument is capable of: devices monitoring
in real-time at 1 kHz, dual modular redundancy, fail-safe
and fail-proof, multi-node distributed solution on optical
link, radiation damage resistance and compliant with IEC61508, ANSI N43.1 and NCRP report 88. The aim of this
FPGA-based system is to illustrate the feasibility of FPGA
technology in the field of personnel safety for particle accelerator in order to take advantage of a fully digital system
integrated with facility control system, evaluate the related
reliability and availability and realize a standard, scalable
and flexible hardware solution also for other fields with similar requirements like machine protection systems.
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OPERATIONAL PERFORMANCE OF THE MACHINE PROTECTION
SYSTEMS OF THE LARGE HADRON COLLIDER DURING RUN 2
AND LESSONS LEARNT FOR THE LIU/HL-LHC ERA
M. Zerlauth, A. Antoine, W. Bartmann, C. Bracco, R. Denz, E. Carlier, B. Goddard, N. Magnin, C.
Martin, R. Mompo, S. Redaelli, I. Romera Ramirez, B. Salvachua Fernando, J. Uythoven, A. Verweij, J. Wenninger, C. Wiesner, D. Wollmann, C. Zamantzas, CERN, Geneva, Switzerland
Abstract
The Large Hadron Collider (LHC) has successfully completed its second operational run in December 2018. To allow for the completion of the diverse physics program at
6.5 TeV, the machine has been routinely operating with
stored beam energies up to 300 MJ per beam during high
intensity proton runs as well as being frequently reconfigured to allow for special physics runs and important machine development studies.
No major damage has incurred to the accelerator equipment throughout the run thanks to the excellent performance of the various machine protection systems. However, a number of important observations and new failure
scenarios have been identified, which have been studied
experimentally as well as through detailed simulations. In
this contribution we provide an overview of the operational
performance of the machine protection systems throughout
Run 2 as well as the important lessons learnt that will impact consolidation actions and future designs of the machine protection systems for the LIU/HL-LHC era.

MACHINE OPERATION AND LIMITATIONS DURING RUN 2
The second run of CERN’s Large Hadron Collider was
successfully completed in December 2018, producing 160
fb-1 of integrated luminosity over the 4 year long run. Following the consolidation of the magnet interconnections
during Long Shutdown 1 (LS1) [1], the machine was operated throughout Run 2 at a beam energy of 6.5 TeV, allowing to routinely reach stored beam energies in each of the
two beams of up to 300 MJ as depicted in Figure 1 [2].
The first operational year of 2015 was devoted to the recommissioning of the accelerator at the increased energy
of 6.5 TeV, initially using a bunch-spacing of 50 ns in order
to minimize the additional heat load induced on the cryogenic system by the e-cloud effect. As of July, the nominal
bunch spacing of 25 ns was used, whereas the * at the
interaction points of the main experiments ATLAS and
CMS was conservatively set at 80 cm to ensure large aperture margins and allow for more relaxed collimator settings
for this initial commission phase. A non-conformity was
discovered in one of the injection protection absorbers
(TDI), risking to induce cracks in the material in case of
high energy deposition following injection failures [3]. As
a result, the length of the bunch trains injected from the
SPS was limited to 144 bunches per injection resulting in a

limitation of the total number of stored bunches in the machine to 2244 bunches per beam, which is 20% less than
the nominal 2808 bunches.
Following the exchange of the TDI during the following
winter-shutdown, the LHC resumed operation in 2016 using the nominal 25 ns bunch scheme as well as a * for IP1
and IP5 of 40 cm. The machine was however again limited
to use only bunch trains of 144b at injection due to a vacuum leak that developed in the internal SPS beam dump
and that was likely to degrade further in case higher beam
intensities would be continuously disposed on the dump
block. Due to the absence of an appropriate spare element
and the desire to maintain both the LHC as well as the SPS
North Area fixed target physics program, the total accelerated intensity was limited in the SPS for the entire year.
Additional software interlocks maintained the total intensity disposed on the leaking SPS dump block in a given
interval of time within acceptable limits. Despite this limitation, the availability of a new high-brightness beam type
called BCMS (Bunch Compressions, Merging and Splitting) [4] from the injectors allowed surpassing the design
peak luminosity of 1x1034 cm-2s-1 with a maximum of 2076
bunches stored in each ring. The operational year was also
marked by the discovery of a first dipole magnet in sector
12 of the LHC (A31L2) showing signs of an inter-turn
short, causing a few quenches at fairly low current during
the ramp-down of the magnet circuit. While operation
could continue for the remainder of the year, several mitigation measures were implemented. This included increasing slightly the quench detection thresholds while lowering
the beam loss monitor thresholds in the whole sector to
avoid the likelihood of quenches and fast power aborts in
the affected magnet, which could have led to a further degradation of the inter-turn short. The presence of the interturn short was confirmed in the SM18 test station after its
removal during an extended winter-shutdown.
Following the exchange of the magnet during an extended winter-shutdown, the 2017 run was started with the
same beam configuration as in 2016. With increasing intensity, more and more physics fills were however aborted
as a result of a new beam loss phenomenon originating in
cell 16L2 of sector 12 [5]. It manifested itself by causing
fast beam instabilities with growth rates as fast as 10s of
turns (~1 ms), ultimately exceeding the beam loss thresholds either in nearby beam loss monitors or in the collimation region of IR7. An air leak during the cool-down process of the sector, resulting in several litres of frozen gas in
the two beam pipes around the interconnection of 16L2
was identified as the root cause of these events. Attempts
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DEVELOPMENT STATUS OF RF REFERENCE PHASE STABILIZATION
SYSTEM FOR SUPERKEKB INJECTOR LINAC
N. Liu∗ ,1 , T. Miura1,2 , T. Matsumoto1,2 , T. Kobayashi1,2 , F. Qiu1,2 , D. Arakawa2 , H. Katagiri2 ,
Y. Yano2 , S. Michizono1,2 , B. T. Du1 , 1 SOKENDAI, Kanagawa, Japan, 2 KEK, Tsukuba, Japan
Abstract
SuperKEKB injector linear accelerator (LINAC) has
600 m beam lines which consist of 8 sectors. The 2856 MHz
RF reference signals are distributed to each sector with long
phase stabilized optical fiber (PSOF). The RF reference
phase stability requirement is estimated to be 0.2° (RMS)
corresponding to 200 fs. The prototype of RF reference
phase stabilization system with single mode optical circulator was implemented and demonstrated in the laboratory.
The returned phase drift is compensated by a piezo-driven
fiber stretcher. The transmitted phase through 120 m PSOF
is stabilized to 41 fs (pk-pk), which fulfilled the requirement.
This paper introduces the RF reference phase stabilization
system and reports the preliminary feedback result.

INTRODUCTION
SuperKEKB injector linear accelerator (LINAC) has
600 m beam lines which consist of 8 sectors (sector A-C, 15) [1]. The accelerating structures at each sector are operated
at 2856 MHz (S-band). The S-band radio frequency (RF)
reference signals are distributed to each sector by phase stabilized optical fiber (PSOF). Different lengths of PSOF (max.
380 m) are located in LINAC gallery where the temperature
fluctuation is controlled within ±1 ∘C and the humidity varies
from 10%RH to 50%RH without control. During longdistance transmission, PSOF suffers the slow phase drift
due to the temperature and humidity changes. The thermal
propagation delay of PSOF is -1.92 ps/km/∘C at 1550 nm [2].
The transmitted phase through different lengths of PSOF
drifts varing from 3° to 5° at sector 2 to 5 [3]. SuperKEKB
injector LIANC has been upgraded from KEKB. The bunch
charge is increased from 1 nC to 4 nC and more tight energy
spread is required, e.g. 0.125% to 0.07% for electron beam
at the end of LINAC. Stabilization of RF reference phase
over long distance transmission is very important for stable
RF operation. The RF reference phase stability requirement
is estimated to be 0.2° (RMS) at 2856 MHz, corresponding
to 200 fs, including short-term timing jitter and long-term
phase drift. A RF reference phase stabilization system is
proposed to compensate the long-term phase drift.
The reference phase stabilization system is implemented
by using two single mode optic circulators (SMOC) and a
piezo-driven fiber stretcher (PDFS) is adopted to compensate
the phase drift. The same optical wavelength (1550 nm) is
used for the forward and backward signals. In this paper, an
overview of the reference phase stabilization system is presented firstly. Then the main optical devices are introduced.
Finally, the long-term performance is evaluated.
∗
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SETUP OF RF REFERENCE PHASE
STABILIZATION SYSTEM
A prototype of reference phase stabilization system with
SMOC is proposed. The schematic diagram is shown in
Fig. 1. The 2856 MHz reference signal (REF) is generated
by a signal generator. The electric signal is converted to the
optical signal with 1550 nm wavelength by a optical transmitter (E/O). The optical signal is transmitted with 120 m
PSOF, which is situated inside the temperature and humidity controlled chamber (THC) so that we can simulate the
environment changes near PSOF as that of LINAC gallery.
Finally, the optical signal is converted to the electric signal
by a optical receiver (O/E). This transmitted signal (TRS) is
further used as local oscillator (LO) for low-level RF (LLRF)
system and the reference signal for beam diagnostic system
in SuperKEKB injector LINAC.
Usually, the reference signal is distributed with hundreds
of meters PSOF from master oscillator (MO) to the receiver.
Two SMOCs are used to return the signal. The phase drift of
the returned signal (RTN) is expected to be twice that of TRS.
The RTN phase drift is compensated by the active optical
length control with PDFS so that the TRS phase is stabilized.
The same optical wavelength (1550 nm) is applied for the
transmitted and returned line.
The S-band frequency is down-converted to the intermediate frequency (IF, 14.28 MHz) by mixing with LO
(2870.28 MHz). The IF signal is sampled by 16-bit analogto-digital converter (ADC) with the sampling rate (SR)
114.24 MHz using oversampling technique (SR = 8*IF). Finally, the RF phase is obtained [3]. The phase error between
RTN and REF is calculated and fed to a PDFS so that the
optical length is adjusted to compensate the phase drift. An
integral (I) controller is applied for precise feedback control.
The TRS phase is monitored to evaluate the system performance. Beside this, the phase drift of E/O, O/E modules is
also measured to study its phase drift contribution. The E/O
and O/E modules are provided by TAMAGAWA Inc. and the
specification is listed in [3, 4]. To reduce the system phase
drift due to the temperature and humidity changes, the monitor system and all the RF/optic devices are situated inside
the temperature stabilized chamber (TC) with ±0.1 ∘C.

Single Mode Optic Circulator
The transmitted signal is sent back by single mode optic
circulator. The SMOC is non-reciprocating, one directional,
three-port devices. It allows light to travel only from port 1
to port 2, port 2 to port 3 with minimal loss. It is provided
by Thorlabs Inc. [5] and the specification is listed in Table 1.
THPRB033
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TIMING SYNCHRONIZATION SYSTEM FOR BEAM INJECTION FROM
THE SACLA LINAC TO THE SPring-8 STORAGE RING
T. Ohshima∗, H. Maesaka, N. Hosoda, RIKEN SPring-8 Center, 679-5148 Sayo, Japan
S. Matsubara, JASRI, 679-5198 Sayo, Japan

Abstract

We developed a timing synchronization system for injection from the linac of the XFEL machine, SACLA, to the
storage ring (SR) of SPring-8. This injection scheme is demanded by the low-emittance upgraded ring in the future.
Since the RF frequencies of the linac and the SR do not have
an integer multiples relation, we have to introduce a new
scheme to synchronize the beam ejection timing of the linac
to the desired RF bucket timing of the SR. The timing is
roughly adjusted by re-clocking the master trigger signal of
the linac with the SR bucket timing. The residual timing
difference is compensated by applying frequency modulation to the linac master oscillator. The amount of the timing
difference is obtained by sampling the linac reference signal
with an ADC where the SR reference signal is used as a
sampling clock. We built this synchronizing system with
MTCA.4 modules. The system was installed to the linac and
the measured timing jitter was better than 4 ps in rms, which
was enough to obtain high injection efficiency.

INTRODUCTION

An upgraded synchrotron radiation ring SPring-8-II [1]
requires a low emittance beam for the injection because of
its small dynamic aperture. The current injector of SPring-8
does not satisfy this requirement. One solution is to utilize
the linac of the Xray Free Electron Laser (XFEL) facility,
SACLA [2], which has very low emittance electron beam.
The new ring has a short bunch length of 6 ps in rms. which
also requires a precise timing synchronization is required at
the injection.
There are several methods to synchronize the beam ejection timing of the linac with the bucket timing of the storage
ring (SR). The first method is waiting for an accidental coincidence between the two timing signals. The second method
is to use an arbitrary waveform generator (AWG) synchronized to the SR, and to make the AWG output a pulsed rf
reference signal for the linac [3]. The third method is to
use a common divisor frequency to generate the rf reference
frequencies of the linac and the ring [4]. The first method is
not applicable because the timing acceptance of the ring is
too small to wait in actual operation. The second method has
difficulty in reducing the phase noise of the linac reference
signal. As for the third method, the linac frequency is affected by the SR frequency change. The circumference of the
ring changes of the order of 10−6 due to tidal effect and so on,
and the reference frequency of the SR also changes the same
amount to keep the beam energy of the ring constant. This
situation is not preferable for the high-power ultrashort-pulse
∗
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lasers used at the XFEL experiment, where stable reference
is required for precise timing synchronization between the
XFEL pulse and the laser pulse.
We adopt a new scheme to synchronize the linac ejection
timing with the SR bucket timing. We apply two steps for
synchronization. The first step is adjusting the master trigger
timing of the linac to the SR bucket timing. The second is applying Frequency Modulation (FM) to the master oscillator
of the linac. These timing modifications are applied only at
the SR beam injection shot to minimize the perturbation to
the XFEL shots. The detail of the synchronization method,
implementation of the system to MTCA.4 standard modules
and achieved performance are described in this paper.

SYNCHRONIZATION BETWEEN LINAC
AND STORAGE RING
Master Trigger Timing
At the linac of SACLA, the frequency of the timing clock
is 238 MHz, which is the frequency of the sub-harmonic
cavity, fLi , and its interval is 4.2 ns. The master trigger
is synchronized to the 238 MHz clock and the AC power
line signal (60 Hz). The time interval between this master
trigger timing and the beam ejection timing is 15.5 ms, which
corresponds to a fixed delay count of the linac clock. This
clock and the master trigger are delivered to the subunits
through the optical links. The reference frequency of the
storage ring, fSR , is 508.58 MHz, and a bucket interval is
2.0 ns. The number of the stored buckets in the storage ring
(the harmonic number, h) is 2436 and the revolution interval
is 4.8 µs.
If a logical AND of the AC 60 Hz and the SR revolution
signal is used as the input data to the D-F/F whose clock
is fLi , the maximum timing difference between the master
trigger and the revolution signal is 4.2 ns.

Measurement and Adjustment of the Timing Difference
The next task is to measure the residual timing difference
between the master trigger and the revolution signals. We
usually use an oscilloscope or a time interval counter for
timing measurement. These devices need averaging to obtain high resolution and are not suitable for the single shot
measurement with high precision. We measure the phase
of the clock signals which the timing signals are based on.
In our case, the master trigger timing is based on the linac
reference and the revolution timing is based on the SR reference. Those reference clocks have different frequencies
and treating the phase is a complex thing. Therefore, we
prepare a Numerically Controlled Oscillator (NCO) whose
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DEVELOPMENT OF A BEAM WINDOW PROTECTION SYSTEM FOR
THE J-PARC LINAC
H. Takahashi†, S. Hatakeyama, Y. Sawabe,
Japan Atomic Energy Agency (JAEA), J-PARC Center, Tokai-mura, Japan
T. Miyao,
High Energy Accelerator Research Organization (KEK), Accelerator Laboratory, Tsukuba, Japan
T. Ishiyama, T. Suzuki,
Mitsubishi Electric System & Service Co., Ltd, Tsukuba, Japan

Abstract
In J-PARC Linac, some beam dumps are used for beam
conditioning and study. A beam window is installed in the
beam line of the beam dump.
In 2018, a beam study using a 0-degree beam dump in
the Linac resulted in damage to the beam window when the
beam intensity has exceeded the tolerance. So as not to repeat this experience, it was decided to immediately advance the development of a beam window protection system. The present paper describes the protection system
built as an emergency measure and the tests of its performance.

INTRODUCTION

At the J-PARC Linac, beam conditioning and study are
performed using beam dumps (BDs). A beam window is
installed upstream of the BD along the beam line [1].
This window can accommodate a beam with a current
value of 50 mA, length of 100 μs, no-chop, and repetition
rate of 2.5 Hz. The use of beams exceeding these tolerances must always be avoided. However, it had been only
checked by operator that beam parameter injected to the
beam dump was within tolerance or not.
In a 2018 beam study, human error caused the beam to
exceed the tolerance for a 0-degree (0-deg) BD, and the
beam window was cracked. The beam parameters of this
trouble were the beam current of 50 mA, the length of
500 μs and the repetition rate of 25 Hz. While the Linac
beam operation could still be performed, beam conditioning and study using the 0-deg BD became impossible.
In order to avoid such troubles, we decided to develop
a beam window protection system as quickly as possible.
To this end, we have customized the particle counter used
to supervise the accelerated-particle amount of the accelerator in J-PARC. In a short time, we have succeeded in
developing and implementing a system that meets the performance required to protect the beam window.

conductivity, high temperature and mechanical strength.
As a countermeasure against damage due to pressure differences, it has a mirror-plate (domed) shape. In addition,
it has a thickness of 0.38 mm to reduce heat generation.
An injected beam with the following parameters is considered within tolerance based on temperature evaluation
of the beam window:
(i) 50 mA, 100 μs length, no-chop, 2.5 Hz,
(ii) 50 mA, 500 μs length, no-chop, 1 shot only.
In addition, it is also known that (i) is a parameter set
with a sufficient margin.
On the other hand, when the beam is injected to the BD,
a chopped beam must be used in terms of beam loss. Here,
from the actual measurement value, we know that the particle number of the chopped beam is less than 80% of the
no-chop beam.
Thus, in the Linac, the beam tolerance has been set to
(iii) when performing beam conditioning or study by injecting the beam into a BD.
(iii) 50 mA, 100 μs length, chopped, 3 Hz.
(3 Hz × 80 % = 2.4 Hz < 2.5 Hz)
However, the need to install the beam window protection
system was overlooked, because no trouble had been incurred by only confirming the beam parameters.

Beam Window Damage
A beam scraper baking was performed in the beam study
of Linac for about a week starting in October 2018.
For a standard beam study, the parameters are a current
50 mA, beam length of 50 or 100 μs, and repetition rates of
1 or 2.5 Hz (< 3 Hz). On the other hand, this baking is performed by inserting scrapers into the beam line, for which
parameters up to a current of 50 mA, beam length of 500
μs, and repetition rate of 25 Hz is used [2].
0-deg BD

BEAM WINDOW DAMAGE FOR 0-DEG
BEAM DUMP

Beam Window For Beam Dump

The beam window is located upstream of the BD (Figure
1). It is made of Ni, which has a relatively high thermal

Beam Window

_______________________________________
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Figure 1: Location of beam window.
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DEVELOPMENT OF INJECTION AND EXTRACTION KICKERS FOR
SUPERKEKB DAMPING RING
M. Tawada† , M. Kikuchi, Y. Sakamoto, H. Someya, KEK, Ibaraki-ken, Japan
K. Tenjin, A. Tokuchi, Pulsed Power Japan Laboratory Ltd., Shiga-ken, Japan

Abstract
Damping ring (DR) [1] for SuperKEKB has two kicker
magnets for the injection and the extraction, respectively.
These kickers are required to meet the following specifications: (1) rise and fall time does not exceed 100 ns, (2) two
bunches which are 96 ns apart must be kicked by single pulse,
(3) the stability of peak current for the extraction kickers
must be less than 0.1 %. Kicker magnets are designed as a
conventional kicker with a ferrite core. The pulse shape is
a double half sine for the two bunch injection. In order to
achieve short rise time, a saturable inductance is used. The
design and performance of kicker magnets and the power
supplies are reported.

Energy
No. of bunch trains
No. of bunches / train
Circumference
Maximum stored current
Horizontal damping time
Injected beam emittance
Emittance ratio
Emittance at extraction (H/V)
Chamber size (normal cell)

1.1
2
2
135.498
70.8
11.57
1400
5
42.9 / 3.61
34𝐻 × 24𝑉

GeV
m
mA
ms
nm
%
nm
mm

INTRODUCTION

SuperKEKB, is an upgrade project of KEKB, is a doublering asymmetric collider for the study of the B meson physics.
The 7-GeV electron ring (HER) and the 4-GeV positron ring
(LER) intersects at an interaction point. DR is required to
reduce the injection emittance of the positron beam in order
to meet the dynamic aperture restrictions of LER. The DR
is located at the end of sector-2 of the Linac. The positron
beam is generated at the sector-1 of the Linac and accelerated
to 1.1 GeV before the injection to DR. After staying 40 ms
in DR, damped beam is extracted from DR and resumed to
the entrance of the sector-3 of Linac through a transport line.
Basic parameters of DR are shown in Table 1.
The kicker magnets for the injection and extraction to DR
have a common design. DR has two bunch-trains that are
separated by about 100 ns, each containing two bunches
which are 96 ns apart. Because the kicker has to inject or
extract one of trains by a single pulse, we have adopted a
double half sine pulse shape, whose rise and fall time are
less than 100 ns. The design parameters are listed in Table 2.

DR KICKERS

Kicker magnets are designed as a conventional inductive
type with a ferrite core. The kicker coil is symmetrical in
shape with respect to horizontal plane and directly connected
to the magnetic switch tank which is immersed in the oil in
order to reduce the leakage inductance.
Each kicker magnet has its own power supply. The block
diagram of the DR kicker power supply is shown in Fig. 2.
Two HV chargers and two thyratrons and four magnetic
switches are connected in parallel to the kicker magnet to
produce double half sine pulse shape. The thyratrons and
magnetic switches are placed in separate tanks filled with a
†

Table 1: Basic Parameters of the Damping Ring

Figure 1: Schematic layout of Linac and DR for SuperKEKB.
silicone oil. Figure 3 shows the picture of DR kicker magnet.
The schematic drawing of the thyratron tank and magnetic
switch tank are shown in Figure 4.
The pre-trigger pulse starts the inverter to charge the main
capacitors in 12 ms, keeping its voltage level in 3 ms before
discharging through a thyratron fired by the main trigger.
Command charging has been adopted and resulted in better
kicker performance with an increase of stability. Its maximum charging voltage is 40 kV. The main trigger makes a
half sine pulse of 500 ns as a primary pulse. The primary
pulse transmitted by 20D cables of 25 m length, is compressed by the magnetic switch, achieving the required rise
time of less than 100 ns. Since the midpoint of the coil is
grounded, the applied voltage to the coil amounts to twice
the charging voltage. Due to the severe timing jitter requirement of less than 1 ns, dc power supplies for the cathode’s
as well as the reservoir heater of the thyratrons are used.
Charging voltage and its fire timing can be controlled independently for the two pulses. An inherent drawback of
a magnetic switch is that a small pre-pulse occurs in order
to saturate the inductor. So, we try to reduce the pre-pulse

masafumi.tawada@kek.jp

THPRB036

MC7: Accelerator Technology

3890

T16 Pulsed Power Technology

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPRB037

IMPROVED FREQUENCY CHARACTERISTICS USING MULTIPLE
STRIPLINE KICKERS*
T. Toyama†, A. Kobayashi and H. Kuboki, KEK, Tokai, Ibaraki, Japan
M. Okada, KEK, Ibaraki, Japan
Abstract
One of the important ingredient in the intra-bunch
transverse feedback is a kicker. The frequency characteristics of the kicker suffers from the transit-time factor,
sin(kl)/kl. We examine the frequency characteristics of
multiple kickers system. Relation between the excitation
patterns of the multiple kickers and the frequency characteristics are presented.

INTRODUCTION
In the MR (Main Ring synchrotron) of J-PARC (Japan
Proton Accelerator Research Complex), a transverse intrabunch feedback system is running at the sampling clock
frequency of 64th harmonic of the acceleration RF, 107 110 MHz [1]. During a recent high-power beam test, we
observe a transverse instability signal oscillating close to
the Nyquist frequency (Fig. 1). Therefore, we intend to
increase the frequency higher enough than the Nyquist
frequency. The feedback system comprises a position
monitor, controller, RF power amplifier and kicker. We
need upgrade the controller and kicker for higher frequency response. Present kicker is a stripline kicker
which has a node (= zero gain) at 200 MHz. Improvement
possibilities are discussed using multiple stripline kickers.

Figure 1: Horizontal difference signal sampled by
iGp12-H [2], the intra-bunch feedback controller. Data of
51 consecutive turns are superimposed.

SINGLE AND MULTIPLE KICKER SYSTEM
In case of single kicker, ordinary stripline electrode and
tapered electrode are considered. The Faltin type kicker
[3], [4] is not examined in this paper.

Single Stripline Kicker
Ordinary stripline kicker is depicted in Fig. 2 (a). The
kick angle Dx' is evaluated by integrating the Lorentz
force along the beam path.
1
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where pz, e and vz are the momentum, charge and velocity
of the charged particle, respectively, and Ex and By are the
electric and magnetic field of the injected RF, respectively.
Subscripts indicate the vector components projected on
the indicated axes. vz is assumed to be close to the light
velocity, c. The last part of the right-hand-side, sinc function, is the transit time factor [5]. Using this result the
frequency response of the kick angle is plotted by a blue
curve in Fig. 3, with the kicker length of the J-PARC MR,
750 mm. The nodes are located periodically and no gain
at these frequencies. Using tapered coupler (Fig. 2 (b)),
the frequency response becomes smoother as a red curve
in Fig. 3. But the gain decreases as the frequency goes
higher.
2.0

Response

1.5

(a)

1.0
0.5
0.0

(b)

0

2 × 10 8

4 × 10 8

6 × 10 8

8 × 10 8
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Frequency

Figure 2: Stripline kickers.
______________________________________________

Figure 3: The responses of two kinds of stripline kickers.
Blue curve: ordinary stripline, red curve: tapered stripline.

* Work supported by KAKENHI Grant-in-Aid JP18H05537
† takeshi.toyama@kek.jp

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T05 Beam Feedback Systems

THPRB037
3893

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPRB038

ALARM SYSTEM OF IRFEL AT NSRL∗
Xin Chen, Yifan Song, Zhuoxia Shao, Chuan Li, Ke Xuan, Jigang Wang, Gongfa Liu† ,
NSRL, USTC, Hefei, Anhui 230029, China

Abstract

INTRODUCTION

An InfraRed Free Electron Lasers (IRFEL) is under commissioning at National Synchrotron Radiation Laboratory
(NSRL). It can accelerate electron beam to 60MeV and generate middle-infrared and far-infrared laser [1]. The control
system of IRFEL is a distributed system based on Experimental Physics and Industrial Control System (EPICS). EPICS
is a set of open source software tools, libraries and applications developed collaboratively and used worldwide to
create distributed soft real-time control systems for scientific instruments such as a particle accelerators, telescopes
and other large scientific experiments [2].
The alarm system is an essential part of the IRFEL control
system. With the continuous development of EPICS, a series
of alarm systems have been released, such as the EPICS
alarm handler (ALH), the Best Ever Alarm System Toolkit
(BEAST) and Phoebus [3–5]. For example, the alarm system
of the Hefei Light Source (HLS-II) is developed based on
BEAST [6]. However, before the using of Phoebus, it was
very hard to manage and integrate a collection of tools to
monitor and operate large scale control systems. Phoebus is
a framework which has a lot of modules such as “Alarms”,
“PV table”, etc. The module named “Alarms” in Phoebus
consists of a user interface and an alarm server which stores
states and configuration information of the Process Variable
(PV) in the Kafka topics. Kafka is a distributed streaming
platform and allows not only publishing and subscribing to
streams of records but also storing streams of records in a
fault-tolerant durable way [7].
The primary goal of the IRFEL alarm system is to effectively help the relevant staffs take the correct action at the
correct time. In China, WeChat is the most widely used
∗
†
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Figure 1: Architecture of the IRFEL alarm system.
mobile messaging app which offers a free instant messaging
application service for mobile phone, and SMS is a traditional way of distributing messages. Therefore, we develop
the applications to distribute WeChat and SMS messages.
Furthermore, in order to remotely query the alarm information, we also develop a Web-Based GUI application.

ARCHITECTURE
As shown in Fig. 1, the IRFEL alarm system consists of
4 layers: the Front End Controller layer, the Alarm Server
layer, the Kafka layer and the Application layer.
In the Front End Controller layer, there are many Input
Output Controller (IOC) applications. When a state of a PV
in these IOCs is changed, the IOC will update this information to the Alarm Server layer.
In the IRFEL alarm system, Kafka acts as an integration
of a Message-Oriented Middleware (MOM) and a database.
As a middleware, Kafka allows publishing and subscribing
to streams of records in topics, which can improve the alarm
system scalability and flexibility. As a database, Kafka allows storing streams of records in topics in a fault-tolerant
durable way, which can prevent the loss of historical data in
the alarm system. There are 4 Kafka topics named “Accelerator”, “AcceleratorState”, “AcceleratorCommand”, “AcceleratorTalk”. These topics are created with distinct purposes.
The configuration information of the alarm system is stored
in the Kafka compacted topic named “Accelerator” while
the state information is stored in the Kafka compacted topic
named “AcceleratorState”. “AcceleratorCommand” and “AcceleratorTalk” are employed for communication such as acknowledgement and annunciation between Alarm Server
and Alarm User Interface in the module “Alarms”. In general, most messages in these topics use the path to the alarm
tree item as the key. For example, a message in “AcceleratorState” is shown as follows:
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An InfraRed Free Electron Laser Light (IRFEL) is under
commissioning at National Synchrotron Radiation Laboratory (NSRL). The control system of IRFEL is a distributed
system based on Experimental Physics and Industrial Control System (EPICS). The alarm system is an essential part
of the control system. It is developed based on the software
Phoebus. The module named “Alarms” in Phoebus can store
states and configuration information of the Process Variable
(PV) in the Kafka topics. To meet our requirements, 3 kinds
of alarm message distribution applications are developed, i.e.
Web-Based GUI, WeChat and SMS. This paper will introduce the alarm system architecture and the implementations
of the applications for alarm message distribution.
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DESIGN A PRECISE STABILITY CONTROLLER FOR HIGH POWER
PULSE MODULATOR BASED ON FPGA*
Y.F. Liu1†, Q. Yuan, J.Tong, X.X. Zhou, Y. Wu, Z.H. Chen, M.Gu
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Abstract

Shanghai Soft X-ray Free Electron Laser Test Facility
(SXFEL-TF) has been fulfilled the construction assignments and passed the acceptance check at Shanghai Institute of Applied Physics (SINAP), Chinese Academy of
Sciences. The stability of microwave system is one of the
major factors to get better beam performance. It is mainly
determined by klystron and modulators power supply. The
beam voltage stability of pulse modulator, which is the
cathode voltage source of the microwave amplifier, is
directly affecting the microwave amplitude and phase.
The requirement of the microwave stability is 0.04%
(rms) for amplitude and 0.05% (rms) for phase tolerance.
This paper shows the design considerations of stability
improvement and suitable upgrade scheme of the controller for Shanghai SXFEL pulse modulator.

INTRODUCTION

SXFEL-TF is an X-ray Free Electron Laser (XFEL) facility, which has been accomplished at shanghai institute
of Applied Physics (SINAP), Chinese Academy of Sciences. This facility is located close to Shanghai Synchrotron Radiation Facility (SSRF) which is the first 3rd generation light source in China. [1] SXFEL-TF consists of a
130 MeV photocathode injector, a main LINAC enhancing the beam energy to 840 MeV, an undulator system
with two stages of HGHG-HGHG or EEHG-HGHG
scheme and a diagnostic beamline. In the main Linear
Accelerator (LINAC) C -band accelerator structure was
first used at SINAP. Main parameters of C-band microwave system were listed in Table 1. In order to achieve
High-gradient and compact, six C-band microwave acceleration units were used, which can achieve a high acceleration gradient of 40 MV/m [2-3].
Table 1: Parameters of C-band Microwave System
Parameters
Value
Microwave Frequency (MHz)
5712
Repetition Rate (Hz)
10 Hz
Peak Power (MW)
50 MW
2.5
Microwave Pulse Width (s)
Amplitude Stability (ppm)
400
Phase Tolerance (deg.)
0.18
Microwave system is mainly consist of klystron and
modulator, which requests very stable amplitude stability
and very tight tolerances of phase jitter. The performance
of microwave system is one of the major factors to get

great beam performance. It is mainly determined by a low
level microwave driving system and klystron modulators.
The beam voltage of the modulator, which is the pulsed
power source of the microwave amplifier klystron, directly affects the microwave amplitude and phase.
Beijing Electron Positron Collider is studying a deQing circuit aiming at improving the stability of less than
0.15% [4]. De-Qing circuit is a conventional method of
regulating the PFN charging voltage. The LINAC Coherent Light Source (LCLS) at Stanford Linear Accelerator
Centre (SLAC) improves the pulse-to-pulse stability of
the modulator by using solid state modulator [5]. The
stability of the existing SSRF LINAC modulator which is
used a capacitor-charging power supply (CCPS) charging
the Pulse Forming Network (PFN), has achieved 0.05%
[6-7]. It doesn’t meet the requirements for SXFEL. This
paper shows the suitable upgrade scheme of pulse modulators and the stability improvement design considerations
of pulse modulators for Shanghai SXFEL. Traditional
controller of pulse modulator is mostly based on Programmable Logic Controller (PLC). We add a new circuit
based on Field Programmable Gate Array (FPGA) to
regular the PFN charging voltage. The relevant stability
experiment indicates that pulse to pulse stability of the
modulator can meet the requirement of SXFEL.

UPGRADE SCHEME OF CONTROLLER
In order to upgrade pulse to pulse stability of pulse
modulator, an upgrade control system was developed. The
schematic diagram of stability controller is shown as Fig.
1. We present a real time feedback control system of
LINAC pulse modulator to improve PFN charging voltage. The feedback control system is based on embedded
FPGA techniques. It consists of an embedded NIOS II
processor, a High resolution Analog to Digital Convertor
(ADC) and an upper computer. The NIOS II processor
manage on chip memory, ADC connector, direct memory
access (DMA) function, interrupt request (IRQ) function,
and ethernet communication.

___________________________________________
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Figure 1: Schematic diagram of stability controller.
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Abstract
SXFEL-UF (Shanghai Soft X-ray Free Electron Laser
User Facility) under construction presently demands
higher energy stability. Stability of pulse modulator feeding power for klystron plays an utmost important role in
energy stability and occupy dominant factors in bringing
influences in stability of RF power. Currently, stability of
high-power pulse modulator of LINAC (Linear Accelerator) is on the level of 0.1% to 0.05% usually. In order to
meet the higher stability requirements, it is very necessary
for close-loop feedback control techniques instead of
traditional open-loop to be applied in the modulator design. The stability controller adopts double control-loops
techniques which feedback signals are respectively from
PFN (Pulse Forming Network) and pulse transformer in
oil tank. In addition, the paper also introduces recent
progress on high stable CCPS research (Capacitor Charging Power Supply), which brings direct impact on the
stability of modulator. In comparison with the former
close-loop design, high stable CCPS design takes the
overall modulator stability into full consideration. And the
feedback control algorithm utilized to output PWMs
(Pulse Width Modulations) for full bridge switches is
implemented in the CCPS controller directly rather than
modulator controller independent of CCPS. It is expected
feasibly to obtain 0.01% stability by taking the above
measures.

control techniques of microwave system compensate
deficiency resulting from unsatisfactory modulator performance? LLRF can accomplish controlling stability of
amplitude and phase of RF to some certain level, but
which to what extent mostly depends on amplitude stability level of pulsed modulator.
As mentioned in abstract, the performance of the CCPS
applied in modulator exactly take up absolutely important
factors in modulator’s stability [2]. Presently, commercial
CCPS products universally adopt analog PWM control
techniques and close-loop feedback within internal CCPS.
It is not enough for the CCPS only utilizes close-loop
with feedback from internal CCPS, feedback from outside
CCPS is also indispensible.
This paper would firstly present some current experimental results through adopting close-loop control technology on the basis of routine commercial CCPS. Then
recent in-house research progress and design about high
repeatable stability are introduced.

STABILITY CONTROL
Stability feedback control adopts three kinds of control
routes (Figure 1), which are respectively high precision

INTRODUCTION

SXFEL-UF is an X-ray Free Electron Laser (XFEL)
User Facility with 1.6 GeV under tense construction [1],
which has been developed on the basis of SXFELTF(Shanghai Soft X-ray Free Electron Laser Test Facility). In order to obtain more excellent beam quality, microwave system is requested to achieve more stable amplitude stability and more tight tolerances of phase jitter
(0.01% rms). Through beam switch yard, SXFEL-UF
would transfer beam to one SBP line with ten sets of invacuum undulators and another undulator line with two
sets of U80s, four sets of U40s, one set of U55, ten sets of
U235s and two sets of EPU30s.
However, on the current high power modulator technical condition, it is very difficult and challenging for us
to enhance either pulse-to-pulse amplitude stability or
ripple within pulse (flatness of flat top) especially to
0.01% level. Thus, whether could LLRF (Low-level RF)
___________________________________________
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Figure 1: Stability feedback control schematic for pulse
modulator.
sampling of PFN voltages from HV divider(route A), high
precision sampling of pulsed waveform through capacitor
networks and differentiated amplifier(route C) and highspeed sampling with multi-datum average of pulsed
waveform through capacitor networks and differentiated
amplifier (route B) [3].The HV divider is a resistor network with high precision and low temperature drift,
which is immersed in a oil cylinder with a ratio 10000:1.
The LPF is one 5-order active low pass filter with the cutoff frequency 5kHz. The micro-control unit (based on
FPGA) acquires data from the 18-bit A/D (600 kHz sampling rate) and 14-bit high-speed A/D (60 MHz sampling
rate) through parallel connections with each other.
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INJECTION OF DIFFRACTION LIMITED STORAGE RING*
J. Tong†1, M. Gu, B. Liu, Y.F. Liu, R. Wang, Shanghai Institute of Applied Physics, Chinese
Academy of Sciences, Shanghai, China
1
also at University of Chinese Academy of Sciences, Beijing, China

Abstract
Ultra-low emittance in Diffraction Limited Storage
Ring (DLSR) usually has small Dynamic Aperture (DA),
which makes the traditional off-axis injection inadequate.
Fast kickers together with thin septum magnets or direct
current lambertsons could support on-axis injection for
closely-spaced bunches with small DA. Thin eddy-current
septum prototype had been designed for injection with
laminated silicon steel sheets as magnet core. Theoretical
analysis and transient simulation had been carried out
within OPERA software. Due to the minimum thickness
of the septa is only 1 mm , several optimization approaches had been applied, such as shielding with strongly paramagnetic material and exciting with full cycle driving
pulse, to satisfy the requirement that the leakage field is
less than 0.1% with respect to the main one.

INTRODUCTION

DLSR had been newly constructed or transformed all
over the world for its higher brightness and better coherence [1, 2]. Under the funding of ministry of science and
technology of China, National Synchrotron Radiation
Laboratory (NSRL) cooperates with Shanghai Institute of
Applied Physics, Chinese Academy of Sciences (SINAP)
and Institute of High Energy Physics, Chinese Academy
of Sciences (IHEP) to conduct the key theory and techniques research on DLSR. This article focuses on the
research associating with injection technologies.
Small dynamic aperture means that the injection beam
and storing beam should be close enough, which determines the thickness of the septum at injection point
should be thin enough [3]. In this paper, thin eddy-current
septum prototype, deflecting 50 mrad per unit with energy
of 2 GeV, had been designed for DLSR injection.
Key parameters of the thin septum were selected or calculated in Table 1 to achieve a balance between physical
requirements and engineering practices. Considering the
complexity and power consumption, eddy-current type of
septum was adopted as the prototype for the project. Besides, Special attention was paid to mechanical support
and insulating materials.

from the septum under such a thin septa (1 mm
@injection point). Filed transverse homogeneity on the
main filed in the injection path (approximately
5600 Gauss) and peak value of the leakage filed in the
storing beam path decayed over 1 ms time should meet
the requirements.
Table 1: Parameters of the Thin Eddy-Current Septum
Parameters
Value
Beam Energy (GeV)
2
Deflection Angle (mrad)
50
Core Length (mm)
600
Integral Field (T*m)
0.32
Bend Radius (m)
12.0083
Peak Field (Gauss)
5560
Gap Height (mm)
12
Gap Width (mm)
40
Good Field Region (mm2)
28×10
Field Transverse Homogeneity
1.5%
Mini. Septum Thickness (mm)
1*
Peak Current (A)
5322
Leakage Field
0.1#
* at injection point; optimized to 0.7 mm eventually
# 2 mm away from the septa
Figures 1 and 2 show the probable upstream and downstream of the injection beam trajectory respectively. At
the upstream, plenty of distance about 5 mm for the injection beam into deflection field area is available and the
maximum septa thickness is about 5 mm. More importantly, 8.6 mm exists between the storing beam and the
outside surface of the septa.

MAGNET DESIGN AND OPTIMIZATION

Trajectory of Injection Beam

The foundational structure of eddy-current septum is
mature. Difficulty points of this magnet lie on the effective inhibition of the leakage field to 0.1% at 2 mm away
___________________________________________
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Figure 1: Upstream of the injection beam trajectory.
At the downstream, the injection beam is 1 mm away
from the internal surface and the storing beam is 2 mm
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LLRF CONTORL SYSTEM FOR RF GUN AT SXFEL TEST FACILITY
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Abstract

A Soft X-ray Free Electron Laser Test Facility (SXFELTF) based on normal conducting linear accelerator was
constructed at the Shanghai Synchrotron Radiation Facility
(SSRF) campus by a joint team of Shanghai Institute of
Applied Physics and Tsinghua University. It consists of
multiple Radio Frequency (RF) stations with standing
wave cavity (RF Gun) and traveling wave accelerating
structures working at different frequencies. Low Level Radio Frequency (LLRF) system measures the RF field in the
cavities or structures and corrects the fluctuations of the RF
fields with the pulse-to-pulse feedback controllers.
This paper describes the hardware and architecture of the
LLRF system for electromagnetic filed stabilization inside
the RF electron gun of the SXFEL-TF. A complete control
path, including the RF front-end board, I/Q detector and
the feedback controller, is presented. Algorithms used to
stabilize the RF field are presented as well as the software
environment used to provide remote access to the control
device.
Finally, the performance of the LLRF system that was
measured under beam commissioning is presented. The
LLRF system that meets the high accuracy requirements is
also introduced.

INTRODUCTION

SXFEL-TF [1-2] is a prototype machine that was developed for the soft X-ray Free Electron Lase User Facility
(SXFEL-UF) project. The SXFEL-TF Linac consists of an
injector including an S-band photo-cathode Radio Frequency (RF) gun [3], two S-band accelerating sections, an
X-band linearizer [4] and one main accelerator including
one S-band accelerating section and six C-band accelerating sections, as shown in Fig.1. The repetition rate is 10
Hz. A high brilliant coherent light is emitted from electron
bunches passing undulator [5-6]. SXFEL-TF accelerator
accelerates electrons up to 840 MeV energy. Electron
bunches are produced in a RF gun. Inside the RF gun they
are accelerated close to the light velocity. Further acceleration in the traveling accelerating structure [7] increases
only energy. The electron bunches after the injector go
through the first dispersive magnetic chicane called bunch
compressor [8]. In the bunch compressor they are compressed to 1 ps at the end. After the first bunch compressor
the electron bunches pass several C-band traveling accelerating structures and finally reaches the undulator where
the coherent light is generated. The more stable is the field
inside the cavity or structure during the beam transport the
more stable is the electron bunches which pass them and
the less the energy spread.

Figure 1: The schematic layout of SXFEL-TF LINAC.
With the development of microelectronic technology,
especially the high performance Field Programmable Gate
Array (FPGA), the digital LLRF [9-10] systems are widely
used to control the RF stations. Before the RF signals sampled by fast Analog-to-Digital Converters (ADC), the RF
signals are down converted to Intermediate Frequency (IF)
signals. The FPGA processes the ADC sampling data with
demodulation algorithms.
Table 1: Main Parameters and RF Tolerances of RF Gun
Parameters

Value

RF frequency (MHz)

2856

Repetition rate (Hz)

1~10

RF pulse length (μs)

3

Amplitude stability (%)

<0.04

Phase stability (Deg.)

<0.09

For the SXFEL-TF RF gun LLRF system, the main parameters and RF tolerances are listed in Table 1. The RF
pulse length is 3 μs and the filling time of the RF gun is
about 1.5 μs, only the pulse-to-pulse feedback [11] is used.
Figure 2 presents the setup of RF Gun and control system
based on Micro Telecom Computing Architecture (MicroTCA) platform in SXFEL. The RF gun is an one and a
half cell copper, normal conducting, resonant cavity cooled
by water. The resonance frequency of RF gun can be tuned
by changing the gun water temperature. In order to correct
the amplitude and phase of the RF gun, the controller needs
information about current level of the field to regulate the
power going into the RF gun. The cavity used for the RF
gun at SXFEL-TF has one probe as field detector. A directional coupler placed just in the front of RF gun provides
two signals: power going to the RF gun and power reflected
from it. Firstly, all of these signals are down-converted to
IF in the RF front-end board, sampled by high speed ADCs
and sent to the main processing unit - FPGA. The baseband in-phase and quadrature components are extracted
from the digitalized signals.
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Abstract
Long-term phase stability is a significant issue for Lowlevel RF systems. Crosstalk and temperature effect on the
RF field detectors would significantly limit the performance of phase detecting and phase locking. A novel microwave switch-based LLRF system has been developed in
Tsinghua Accelerator Lab. Microwave switches are applied
in the chopper circuit to turn continuous waves into pulse
waves in the time domain to avoid mutual interference of
signals. In this paper, the LLRF system based on microwave switches is presented. The result of preliminary longterm experiments shows the phase stability can achieve
about 50fs RMS slow drift. The peak-to-peak value of the
slow drift was ~100 fs (~2℃ p-p) over 4 days.

This is a preprint — the final version is published with IOP

INTRODUCTION
The long-term stability is required in the Thomson scattering X-ray source, high-intensity X-ray light sources
based on free electron laser (FEL) and MeV ultrafast electron diffractions. Tsinghua Accelerator Lab, cooperating
with LBNL, has developed the timing and synchronization
system. The system has been demonstrated at the Tsinghua
Thomson scattering X-ray (TTX) source successfully
[1-2]. However, it is found in the previous test that there is
a slow drift in the LLRF system, which is about 0.5ps p-p.
The Fourier transform of the phase drift shows the peak
frequency of the spectrum was closely related to the change
of temperature in the same period, which indicates the temperature as the main factor of the slow drift of the system.
Considering the long-term operation of particle accelerators, the change in environmental temperature over time
would cause great impact on not only the microwave phase
control of the accelerator but user experiments which based
on the accelerator as well. Therefore, it is important to
solve the issue of long-term stability in the LLRF control
system [3-4].

THE CAUSES OF LONG-TERM PHASE
DISTORTION AND DRIFT
There are numerous devices and complex signal loop in
the synchronous control system, which tends to cause signal crosstalk in the LLRF system. Crosstalk is the noise
caused by the coupling of the two signals as well as the
mutual inductance and capacitance between them. Capacitive coupling leads to coupling current, while inductive
coupling leads to coupling voltage. There are several fac† huangwh@mail.tsinghua.edu.cn
* GHuang@lbl.gov
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tors which may have certain influences on the crosstalk:
the parameters of the PCB layer, signal line spacing, electrical characteristics of the drive end and the receiver end
as well as the connection mode of the line end.

Figure 1: Signal crosstalk in the LLRF system.
The microwave signals in Tsinghua LLRF control system are continuous REF signal, pulse RF signal and CAL
signal [4]. The CAL signal is combined with the REF signal and the RF signal using power division modules, and
they are sent through their own routes. Therefore, crosstalks are most likely to occur because of the introduction
of the CAL signal. After the CAL signal is combined with
the REF signal and the RF signal, they relatively trigger the
REF_CAL signal and the RF_CAL signal, so the crosstalk
occurs mainly between REF_CAL and RF_CAL, and they
would exert an effect on each other. The RF signal and the
REF signal have different sampling points in the time domain. Because the REF signal is continuous while the RF
signal is a pulse, the phase detection of REF signal would
not be affected by the crosstalk with the RF signal, but it
would influence the phase detection of the RF signal, as
shown in Figure 1.

Analysis of Signal Phase Distortion
The turbulence of the REF signal would be coupled to
the REF_CAL signal and result in distortion of the signal.
Based on the empirical speculation of the performance of
the devices used in the experiment, the main causes of
phase distortion of signals in the synchronous control system are list as follows:
The Reflection between the Power Divider and Amplifier The typical reflection coefficients of the three ports
of the power divider were 0.034 (S), 0.09, and 0.05, respectively. The VSWR Output of the last stage amplifier
zx60-33ln + in the Receiver (RxC) chassis was 1.6, and the
reflection coefficient was 0.23. Therefore, if there was a
superposition of the CAL signal and the REF signals output
by RxC chassis, then the coupling effect of superimposed
THPRB045
3915
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Abstract

The phase drift of the RF signal in the low-level radio
frequency (LLRF) system is observed in the long-term operation, which limits the performance and stability of the
LLRF system. The long-term drift was reproduced in the
lab. Its effect and sources of error were explored in the simple LLRF46 board and the simplest LLRF system. It is
founded that the temperature will significantly lead to the
phase distortion of the two signal channels, although with
the same electron device. The distortion will finally cause
the long-term drift with temperature floating. A fixed phase
calibration signal (CAL signal) is applied to deal with the
signal channels difference. The preliminary tests were conducted and the results were analysed.

INTRODUCTION

The low-level radio frequency (LLRF) system controls
and stabilizes the cavity RF in the accelerator system. The
phase distribution system sends accurate phase information
from the far-end to each LLRF client. The LLRF system
performs digital phase discrimination, filtering, and phase
locking on the obtained reference phase information and
the microwave used for particle acceleration. A large slow
drift was observed in the LLRF system, which will limit
the future experiments on the accelerators [1]. There is still
no clear analysis of the internal mechanism of the slow
drift, the degree of its influence, and how the environmental temperature affects the system. This paper mainly explores the causes of the long-term slow drift of the LLRF
system, as well as the mechanism and the degree of influence of the slow drift.

REPRODUCTION OF LONG-TERM
SLOW DRIFT EXPERIMENT OF LLRF
SYSTEM
The Tsinghua timing and synchronization system was
adopted in the photo-injector of Xi’an gamma-ray light
source. The similar long-term slow drift was also found in
the deployment and test. The mutual monitoring and detecting of two LLRF subsystems experiment (dual-machine test) was also applied [2-3], the test result of the monitoring LLRF system is shown in Figure 1.
In the 24-hour mutual monitoring and detecting experiment of Xi’an gamma-ray light source, the reference (REF)
signal of the LLRF system varied about 12ps for about one
day. A slow phase drift about 600fs p-p was observed by
the monitoring LLRF system, which further verified the
slow drift results obtained in the Tsinghua Thomson scattering X-ray (TTX) dual-machine test at Tsinghua University [1]. Therefore, in the actual system operation process,
it is difficult to meet the experimental requirements for the
system to have ~ps level/day slow drift. Therefore, it is essential to achieve the long-term stability of the LLRF system by suppressing the slow drift of the system.

THE SIMPLEST BOARD EXPERIMENT
RESEARCH BASED ON LLRF46 BOARD
We need to have a more comprehensive understanding
of the system slow drift. Firstly, whether there would be a
similar slow drift phenomenon of the system was explored
in the simplest system from the simplest board experiment
study based on LLRF46 boards.

Study of the Differences Between ADC Channels
of the Single Board

Figure 1: The test results of monitoring LLRF system of
the mutual monitoring and detecting experiment.
† huangwh@mail.tsinghua.edu.cn
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Abstract
The Multi-feeding cavity can be applied in superconducting and normal conducting RF cavity. The differences
between input couplers in coupler coefficient, incident
power and phase will cause the cavity field stabilities can’t
meet the requirements. For explore the influences of these
differences and develop equations for measurement, a
multi-feeding LCR transient model was developed. As
dual-feeding cavity, the VHF photocathode electron gun
was model and simulated in this paper.

The coupler coefficient of the i-th input coupler and the
k-th probe coupler 𝛽 are and 𝛽 (i=1~n, k=1~m). The
equivalent transfer rates of the i-th input coupler, the k-th
probe coupler are 𝑁 and 𝑀 (i=1~n, k=1~m).
(𝑖 = 1,2 ⋯ 𝑛)
𝑁 = 𝑅 /(𝛽 𝑍 )
(1)
(𝑘 = 1,2 ⋯ 𝑚)
𝑀 = 𝑅 /(𝛽 𝑅 )

INTRODUCTION
Shanghai HIgh repetition rate XFEL aNd Extreme light
facility (SHINE) will be the first high repetition hard x-ray
free electron laser. As the source of the whole facility, the
electron gun requires critically for beam quality, especially
in terms of current, emittance and longitudinal stability [1].
To consider the advantages of low frequency, good vacuum
conditions and small dark current load [2], Single-cell
162.5MHz CW Very High Frequency (VHF) photocathode
gun was chosen as the electron source.
However, RF cavity needs very high microwave power
(~100kW) under high average current intensity and CW
operation mode. To reduce the power handling capacity of
the coaxial waveguide and compensate coupler kick, RF
cavity usually is designed to feed power by two power
couplers [3]. Developing multi-feeding cavity’s model is
necessary to research and analyse the influences in cavity
amplitude stability and phase stability which can caused
difference of coupler coefficient, incident power and phase.
In this paper, multi-feeding cavity mathematic model
was set up. As a special case, a two-feeding VHF cavity
model without beam loading was built and simulated in
Simulink.

MULTI-FEEDING CAVITY MODEL
Assuming RF power in multi-feeding cavity is fed by n
RF sources through n transmission lines. If we consider
external m port which are field probe couplers or Higher
Order Mode couplers (HOMs), it will be an n + m ports
cavity. The RF power source model can see as voltage
. Assuming the impedance of
source 𝐸(𝜔, 𝑡) = 𝐸 𝑒
transmission line and load are real, the impedances of the
i-th transmission line and the k-th load severally are 𝑍 and
𝑅 (i=1~n, k=1~m). The equivalent LCR circuit model
shows in Figure 1. The 𝑅 , L, C are the resistance, inductance and capacitance of the multi-feeding cavity. The influence of electron beam is saw as the current source 𝐼 .
___________________________________________
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Figure 1: Equivalent circuit LCR model of multi-feeding
cavity with beam loading.
For simplicity, the voltage sources and the right part of
the cavity are transformed to the side of the cavity, and
shows in Figure 2. The voltage sources are equivalent to
current sources.

Figure 2: Equivalent parallel LCR circuit of multi-feeding
cavity with beam loading at cavity side.

Steady State Equations
T. Schilcher [4] obtained the cavity voltage at the side of
the transmission line is
2𝑍
V⃑
(2)
V⃑ =
𝑍 +𝑍
The 𝑍 , 𝑍 severally are impedances of the cavity and
the transmission line at the side of the transmission line.
The 𝑉⃑ is forward voltage on the transmission line.
Assuming only the i-th RF power source turns on, the
impedance of the cavity at the side of the i-th transline is
1
𝑅
|𝑍 | 𝑅
𝑍 =
(3)
(𝜔𝐶
1
+
𝑗𝑅
− 1⁄(𝜔𝐿))
𝑁
Here,𝑍 = 𝑁 𝑍 ||⋯ ‖𝑁 𝑍 ‖𝑁 𝑍 || ⋯ ||𝑁 𝑍 ,
𝑅 =𝑀 𝑅 ⋯ 𝑀 𝑅
Under ω = 𝜔 , based on equation (2), cavity voltage V⃑
is
𝑉⃑
(4)
V⃑ =
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LLRF SYSTEM MODELLING AND CONTROLLER DESIGN IN UED*
Y. Q. Li, K. Fan†, Y. Song,
Huazhong University of Science and Technology, Wuhan, China

Abstract

LONGITUDINAL MOTION

In the Ultrafast Electron Diffraction (UED) facility for
investigating material structure, voltage drifts of amplitude
and phase in cavity have different effects on beam quality.
So, it is critical for pump-probe experiments in the UED to
keep accurate synchronization between the laser and electron. To achieve the desired 50fs resolution, the Low-Level
Radio Frequency (LLRF) controller in S-band normal conducting cavity needs to satisfy the stability of ±0.01% (rms)
for the amplitude and ±0.01° (rms) for the phase. Then we
can study the performance of the RF control system by simulating the LLRF system. In the simulation program, feedback, feed-forward algorithms, and beam current variations can be simulated in a MATLAB/Simulink environment. This paper shows that a LLRF system controller design can meet the necessary requirements of the field regulation and implement the algorithms.

INSTRODUCTION

The Ultrafast Electron Diffraction (UED) facility being
designed will provides several femtosecond electron
beams for the time-resolved experiments of material structures in pump-probe configurations. The bunch is generated by impacting a commercial Ti:sapphire laser onto a
photocathode in a 1.4 cell RF gun that accelerates electrons
up to 3 MeV shown in Figure 1. Then the solenoid magnets
focus and collimate the bunches, so that the pulse duration
of compressing the bunch to the sample target is less than
50fs rms for pump-probe experiment [1]. To achieved this
goal, it is vital for LLRF controller to satisfy the stability:
±0.01% (rms) for the amplitude and ±0.01° (rms) for the
phase, respectively. Before the facility construction, the
LLRF controller should be designed to achieve the necessary field regulation requirements [2].

For LLRF, the difference in flight time is mainly caused
by the following three aspects. First, the laser pulse jitter
will make the electron emission time different. Second, the
difference in bunch length will cause different flight time.
Third, the RF phase jitter makes the particle flight time different.

t 










2 f 2  2.856  109

(1)

where requires time jitter ∆𝑡 = 50 fs , ∆Φ = 0.01° .So,
the LLRF should satisfy the stability: ±0.01° (rms) for the
phase.
Assuming that the centre of the laser pulse with the
length 𝜎 reaches the cathode surface at time t = 0, the
bunch head and tail reach the cathode surface at times
𝜎 ⁄2 and + 𝜎 ⁄2 , respectively, and the corresponding
𝐶𝜎 ⁄2
electron microwave field emission phases are 𝜙
and 𝜙 + 𝐶𝜎 ⁄2, respectively, where C is a constant that
converts time into the phase of the microwave. Then the
difference between the time when the bunch head and tail
arrive the same position is expressed as [3]:

 f  ttail thead


C

C
[ i Tf (0  i )] [ i Tf (0  i )]
2
2
2
2
Ci
Ci
i Tf (0  ) Tf (0  )
2
2

(2)

The above formula can be approximated as:

 f   i  C i (

dT f
d

)   0

(3)

When the electric field amplitude E = 76 MV/m, the
electronic flight time 𝑇 changes with the electron emission phase 𝜙 ,which is shown in Figure 2.

Figure 1: Overview of the UED.

___________________________________________
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Figure 2: Time of flight measured versus electron emission
phase during a phase scan.
The time when the laser reaches the cathode surface is
defined as t = 0, and the phase in the microwave field at
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UPGRADE OF THE HISTORICAL DATA QUERY AND ANALYSIS
SYSTEM FOR HLS-II
Z. Xie,Y. Song, Z. Shao, C. Li, K. Xuan, G. Wang, G. Liu∗
National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei,
Anhui, China

Abstract

The current historical data query and analysis system
for the Hefei Light Source II (HLS-II) was developed with
Apache Struts2. However, Apache Struts2 need to be fixed
from time to time to avoid being attacked. Therefore, a new
system based on Spring Boot and Vue.js is developed. Meanwhile, the performance of the system is optimized, and the
radiation monitor module is added. This paper will detail
the system architecture and software implementation.

INTRODUCTION

The Hefei Light Source II (HLS-II) is a vacuum ultraviolet
(VUV) synchrotron light source, it is comprised of an 800
MeV linac and an 800 MeV storage ring and a transport line
connecting the linac and storage ring. The control system
of the HLS-II is a distributed system based on EPICS. The
archiver system was set up with Relational Database (RDB)
Channel Archiver and Oracle database in 2014. Accordingly
the historical data query and analysis system (HDQAS) was
developed with Apache Struts2 [1].
However, due to the vulnerability Apache Struts2 need
to be fixed from time to time to avoid being attacked. Besides, there are some aspects to be optimized in the current
HDQAS, e.g. query speed. Therefore, a new HDQAS is
developed with Spring Boot and Vue.js [2, 3]. It optimizes
the speed of query, data download and user interface. Besides, the radiation monitor module is integrated into the
new HDQAS.

SYSTEM ARCHITECTURE

The new HDQAS is developed under the architecture
of separated front-end and back-end. As shown in Fig. 1,
browsers request static resource like HTML, CSS, JavaScript
files from the front-end server, and get real-time data, historical data and analysis results from the back-end server.
Nginx server is used as a proxy server to distribute users’
requests and restrict IP address who can access the system.
In the back-end server, there are 4 modules: real-time status, radiation monitor, historical data query and data analysis.
The data sources consist of the Oracle database and IOCs/CA
Server. The Oracle database is the data source for the historical data query and the data analysis modules. The historical
data of the HLS-II is saved in the Oracle database via RDB
Channel Archiver, and retrieved from the Oracle database
with Java Database Connectivity (JDBC) by the back-end
server. Browsers could get historical data and analysis results
∗

gfliu@ustc.edu.cn
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Figure 1: Architecture of the new historical data query and
analysis system.
from the back-end server through HTTP connections, while
they get real-time data through WebSocket connections with
the back-end server [4]. Java Channel Access (JCA), a pure
Java Channel Access client implementation [5], is used to
get real-time data from the IOCs/CA server for the real-time
status and the radiation monitor modules.

SOFTWARE IMPLEMENTATION
Axios is a JavaScript HTTP communication module, it is
used to send HTTP requests from the front-end server to the
back-end server. Highcharts, as an open-source JavaScript
chart library, is used to draw line chart and pie chart on the
web page.
According to the Web-GUI, the new HDQAS mainly includes 4 modules: home, historical data, data analysis and
radiation monitor, as shown in Fig. 2.

Figure 2: Components of the Web-GUI.
The home module presents the real-time data of operation
status and the line chart of the latest 24-hours data of beam
current and beam life.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T33 Online Modeling and Software Tools

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPRB054

DESIGN OF A ULTRAFAST STRIPLINE KICKER
FOR BUNCH-BY-BUNCH FEEDBACK*
J. Wang1†, P. Li, D. Wu, D. Xiao, L. Yan, Institute of Applied Electronics,
China Academy of Engineering Physics (CAEP/IAE), Mianyang, 621900, P. R. China
1
also at Graduate School of China Academy of Engineering Physics, Beijing, 100088, P. R. China
Abstract
Lorentz force detuning and beam loading effect of the
RF cavities will induce a slope of the cavity gradient.
Combed with the cavity misalignments, transverse position of subsequent bunches will differ from each other.
The CAEP THz Free Electron Laser facility (CTFEL)
will have a fast transverse bunch-by-bunch feedback
system on its test beamline, which is used to correct the
beam position differences of individual bunches in the
macro-pulses. The time response of the kicker is rigid
for the interval of the micro-pulses is 18.5 ns and will
upgrade to about 2 ns, requiring impedance matching of
the kicker with the power source and transmission system in a high bandwidth. Also, the electromagnetic field
must reach the requirements of the beam parameters. In
this paper, the structure design and the optimization of
the geometric parameters of the ultrafast stripline kicker
is presented. The characteristic impedance, transmission
characteristics, field consistency are analyzed and optimized. And the feedback signal generation scheme for
continuous bunch trains was proposed.

INTRODUCTION
China Academy of Engineering Physics (CAEP) has
developed a terahertz free electron laser (CTFEL) facility with Peking University and Tsinghua University,
which is the first high average power FEL user facility
in China [1]. CTFEL is a kind of oscillator type FEL and
mainly consists of a GaAs photocathode high-voltage
DC gun, a 1.3 GHz 2x4-cell superconducting RF linac,
a planar undulator and a quasi-concentric optical resonator. The first saturated lasing of CTFEL was obtained
in 2017 [2]. Since then, CTFEL has realized stable operation and some user experiments have been done. The
repetition rate of THz beams is 54.17 MHz and the THz
frequency can be adjusted from 1.87 THz to 3.8 THz
continuously. The average output power in macro pulse
is more than 10 W and the peak power is beyond
0.5 MW [3]. Now, fast machine protection system is under developed and CW operation will be realized soon.
___________________________________________
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Moreover, CTFEL is expected to upgrade to cover the
THz band from 1 THz to 10 THz and greatly promote
the development of THz science as well as many other
cutting-edge fields in the future. The CTFEL will have
a test beam line behind the 90 degree analysis magnet, a
fast transverse intra-bunch train feedback system to stabilize the beam position will be developed. The time interval of the micro-pulse will set to be about 2ns. Several
beam elements and diagnostics device will be installed
in the test beam line. Figure 1 shows the location of the
CTFEL diagnostics device. This paper gives an overview of the design and analysis of the strip-line kicker
and the scheme of the feedback signal generation.

Figure 1: Location of CTFEL diagnostics device.

DESIGN STUDY OF THE STRIPLINE
KICKER CROSS SECTION
A stripline kicker consists of two parallel electrodes
housed in a conducting vacuum pipe: each of the electrodes is driven by an equal but opposite polarity pulse.
The most technology challenges are the following: first,
good power transmission by achieving good impedance
matching to the electrical circuit; second, the excellent
field homogeneity was need in the center region of the
vacuum pipe. The stripline design has been carried out
by using CST Microwave Studio and CST EM Studio [4].
In order to avoid reflections when exciting the electrodes, the geometry design of the stripline kickers
should be adapted to 50 ohm to match the characteristics
impedance of feedthroughs and coaxial cables [5,6]. The
stripline kicker has 2 electrodes connected to electrical
feedthrough at both ends. The cross section of the
stripline defines the characteristic impedance and homogeneity of the electromagnetic field in the center region.
The geometry of the cross section is showed in Fig. 2.
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DAMAGE BEHAVIOR OF TUNGSTEN TARGETS FOR 6 MeV LINEAR
ACCELERATORS *
Zhihui Wang*, Hao Zha†, Zening Liu, Jiaru Shi
Department of Engineering Physics, Tsinghua University, Beijing 100084, China
also at Key Laboratory of Particle & Radiation Imaging of Ministry of Education,
Tsinghua University, Beijing 100084, China

Abstract
The target in electron linear accelerator is subjected to
high-frequency and intense thermal shocks. Elevated temperatures in the target may lead to target recrystallization,
fatigue cracking, creep and vaporization. In this study, experiments were carried out to investigate the damage behaviour of tungsten targets in 6 MeV linear accelerators under pulsed electron beam. The results show that recrystallization occurs after loading 6 MeV electron beam with
repetition frequency of 220 Hz, pulse width of 4 μs and
mean current of 151 μA for 248 s. Deformation and cracking caused by recrystallization are observed on the surface
of the target.

Experiments need to be done to figure out the damage
behaviour of tungsten target in accelerators to ensure stable
operation of the accelerator and to get greater X-ray yield.

EXPERIMENT SETUP
Experiment Platform

INTRODUCTION

Medical linear accelerators are the most commonly used
device for external beam radiation treatments for patients
with cancer [1]. The X-ray target is a very important component at the end of the accelerating tube to produce highenergy X-ray. Pulsed electron beam deposits large amounts
of heat within the target. The target exposed to high-frequency thermal shocks is at risks of damage, limiting the
accelerator’s ability to deliver high-dose-rate X-ray irradiation. Literature review shows several possible damage
forms of the most commonly used tungsten targets [2-5]:
(1) Recrystallization. Recrystallization temperature of
pure tungsten is reported to be 1300-1500 ℃. After recrystallization, the crystal structures of tungsten atoms change,
causing the changes in the macro-properties. Micro-cracks
initiate and propagate along grain boundaries. Besides, embrittlement happens with the ductile brittle transition temperature (DBTT) rising from 70 ℃ to 230-280 ℃.
(2) Fatigue cracking. Pulsed electron beam causes highfrequency thermal shocks on the target. Cyclic temperature
variations lead to alternating stress and further mechanical
fatigue of the target. As the temperature cycles cross the
DDTT frequently, tungsten target shifts between flexible
and brittle, easily initiating cracking and even failing.
(3) Melting and vaporization. The melting point of tungsten is 3410 ℃. Melting occurs when the energy deposited
on the surface of tungsten exceeds its melting threshold
with temperature lower than the melting point. Concomitant phenomenon including fondant motion, droplet sputtering and vapour layer formation will also damage the target. Research shows tungsten block initiates melting under
heat load of 2 GW/m3 for 2 ms.
___________________________________________
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Figure 1: Schematic of the experiment.
Figure 1 shows the schematic of the experiment. An Sband 6 MeV standing-wave accelerator with 6 pairs of accelerating cells was used. The target of 2 mm W+0.5 mm
Cu was adopted. The target was assembled with a flange
for vacuum sealing. An X-ray dosimeter was set at 1m in
front the target to monitor the dose rate during the course
of the experiment. Target failure or related components
failure can be detected in reference to the dose rate abnormity. To expedite the experiment, water cooling system
was stopped in the experiment.

Electron Beam Loading
The pulsed electron beam came with a constant pulse
width of 4.3 μs. The mean power of the electron beam is
regulated by changing the repetition frequency. The electron current flowing through the target was measured every
time we changed the repetition frequency.
Table 1: Electron Beam Loading Modes
Parameters
Pulse Width(μs)
Repetition Frequency(Hz)
Current through
Target(mA)
Mean Current(μA)
Load Time(s)

Stage I
4.3
50

Stage II
4.3
100

Stage III
4.3
220

160

158

159

34

69

151

80

137

248

Table 1 shows the electron beam loading modes. The
loading process includes three stages. First, the electron
beam with repetition frequency of 50 Hz and mean current
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DOSE MEASUREMENT EXPERIMENTS FOR SINGLE AND COMPOSITE
TARGETS IN 6 MeV LINEAR ACCELERATORS *
Zhihui Wang*, Jiaru Shi†, Hao Zha, Jiayang Liu,
Department of Engineering Physics, Tsinghua University, Beijing 100084, China
also Key Laboratory of Particle & Radiation Imaging of Ministry of Education,
Tsinghua University, Beijing 100084, China
Abstract
The target in electron linear accelerator plays an important role in the production of photon. Targets of different materials and thicknesses have different X-ray yields.
In this study, experiments were carried out to measure the
dose rates of single targets and composite targets of different thicknesses for 6 MeV linear accelerators utilizing ionization chamber. The electron energy spectrum at the outlet
of accelerating tube was detected with magnetic analyser.
The experimental results show consistent rules with Monte
Carlo simulations. Composite material target of 1.2 mm
tungsten and 2 mm copper can deliver 1242 rad/min/100
μA dose rate at 1 meter in front of the target. Dose rates of
tungsten- rhenium alloy(74%W-26%rhenium) targets were
examined too.

INTRODUCTION
Medical linear accelerators are the most commonly used
device for external beam radiation treatments for patients
with cancer [1]. The X-ray target is a very important component at the end of the accelerating tube to produce highenergy X-ray. The incident electron beam hits the metal target to produce high-energy protons through bremsstrahlung, then the X-ray passes through the collimators and
flattening filter to produce uniform and stable X-ray beam
[2].
Targets of different materials and different thicknesses
have different conversion efficiencies. Monte-Carlo
Method is the most popular tool to calculate the yield of
the X-ray and to optimize the design of the target [3]. In
previous studies, Monte-Carlo simulations were carried out
to study dose rates of different thicknesses single material
targets and composite material targets [1]. Results show
that X-ray dose rate changes with target thickness and that
a peak dose rate can be obtained with proper thickness target. Figures 1 and 2 show dose rates of single tungsten targets and tungsten-copper composite targets with different
thicknesses, respectively. For single targets, dose rate increases with target thickness and reaches maximum at a
certain thickness, then dose rate decreases with target
thicknesses. For composite targets, dose rate changes regularly with two targets’ thicknesses. The optimized composite target with the greatest X-ray yield is 1.2 mm W+2 mm
Cu. Dose measurement experiments need to be done to verify the Monte-Carlo simulation results.

___________________________________________

Figure 1: Dose rate of single tungsten target.

Figure 2: Dose rate of
tungsten-copper target.

X-ray targets are exposed to pulsed electron beam. Elevated temperatures can lead to target recrystallization, fatigue, creep and even melting. Tungsten-rhenium alloy
W26Re is a promising X-ray target material given its
higher recrystallization temperature, better high temperature performance and lower ductile brittle transition temperature (DBTT) compared to tungsten [4-5]. Dose characteristics of W26Re need to be investigated.

EXPERIMENT PLATFORM SETUP
An S-band 6 MeV standing-wave accelerator with 6
pairs of accelerating cells was used. Table 1 shows the operational parameters of the accelerator. Magnetic analyser
was designed and adopted to detect the electron energy
spectrum at the accelerating tube outlet. The target electron
currents were detected by an externally connected resister.
X-ray dose rates at 1 meter in front of the target were detected by an ionization chamber. The layout of the experiment is showed in Fig. 3. After collecting the energy spectrum data, the magnetic analyser was moved aside and dose
rate values of every target were collected one by one. An
aluminium block was set 20 mm in front of the ionization
chamber to absorb transmission electrons.

Figure 3: Schematic of dose measurement experiment.
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RADIATION SAFETY AT SOLARIS 1.5 GeV STORAGE RING
Magdalena B. Jaglarz†, Justyna Wiklacz, Adriana I. Wawrzyniak, National Synchrotron Radiation
Centre SOLARIS, Jagiellonian University, Krakow, Poland

Abstract

Radiation measurements at Solaris are continuously
performed by using 9 radiation monitor stations (RMS)
located around the storage ring and the beamlines area.
4 of RMS are connected to the Personal Safety System
(PSS) and in case of exceeding alarm levels, dump the
electron beam or close beamlines’ safety shutters.
Moreover thermoluminescence dosimeters (TLDs) are
used to register doses in the classified areas according to
the Polish regulations. Measurements are performed since
2015 when the commissioning of the storage ring has
started. Since that time several improvements to the
radiation shielding were done to fulfill the ALARA
principle and keep radiation level As Low As Reasonably
Achievable (ALARA). Moreover the electron beam
optimizations during the injection, ramping and operation
were performed to decrease the electron losses and the
radiation levels. This article reports on radiation
measurements results obtained before and after the chopper
installation. Additionally, problems with the radiation
levels while the beam current is increasing to the designed
500mA value are presented.

SOLARIS FACILITY
The Solaris facility is a typical electron accelerator
complex, which consists of a 600 MeV linac and a 1.5 GeV
storage ring. To achieve the full electron energy the
ramping mode in the storage ring is used. The high beam
losses occur mainly during the injection process at the
injection area. The synchrotron zone is classified as an
accelerator laboratory and it has been divided into the
following areas: unclassified, supervised and controlled [15]. The layout of Solaris facility with radiation protection
areas and the location of the RMS stations are shown in
Fig. 1.

Polish Regulations
All the Solaris activities concerning radiation protection
are compatible with the requirements described in formal
Polish regulations. We strictly follow the Principle of
ALARA, which means making every reasonable effort to
maintain exposures to ionizing radiation as far below the
dose limits as practical [6]. Annual limits of effective dose
per entire body are shown in the Table 1. According to the
law a pregnant woman cannot work in conditions, in which
the unborn child may receive the effective dose higher than
1mSv.

Figure 1: Layout of the Solaris facility.
____________________________________________
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NEW ORBIT CORRECTION METHOD BASED ON SVDC ALGORITHM
FOR RING BASED LIGHT SOURCES*
X.Y. Huang#, Y. H. Lu, S. J. Wei, Q. Ye, Y. Y. Du, Y. Y. Wei, D. C. Zhu, Y. F. Sui, X. E. Zhang,
M. Y. Fei, M. H. Zhou, J. S. Cao, Key Laboratory of Particle Acceleration Physics and Technology,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
Orbit feedback system is essential for realizing the
exceeding beam stability in modern ring based light
sources. Most advanced light sources adopt the global
correction scheme by using singular value decomposition
(SVD) algorithm. In this paper, a new SVD with
constraints method (SVDC) is proposed to correct the
global and local orbit simultaneously. Numerical
simulations are presented with the case of High Energy
Light Source (HEPS) by comparing classic algorithms.
The results show that SVDC is very effective for orbit
correction and very easy to implement.

INTRODUCTION
In the past few decades, the exploration of ring and linac
based light sources is promoted with the development of
accelerator technology. In order to reach the diffraction
limit, some ring based fourth generation light source
facilities has been under construction or proposed with
multi-bend achromat (MBA) [1]. The new lattice design
can decrease the natural emittance by reducing the bending
angle for each dipole magnet.
High Energy Photon Source (HEPS) is proposed early in
2008 and will be under construction in this summer [2-4].
The lattice of hybrid 7BA with anti-bends and super-bends
is tentatively adopted, see in Fig. 1. In this lattice, two
families of antibends are used to achieve as low as possible
emittance. A dipole combined with longitudinal gradient
dipoles instead of transverse gradient is adopted in the
middle of each 7BA, with its central slice as source of
bending magnet beam lines. In addition, by accepting
alternating high- and low-beta optics design, it can provide
high brightness of the order of 10 22 photons
/s/mm2/mrad2/0.1%BW by reducing both horizontal and
vertical beta functions towards 1 m in half of the 6-m
straight sections. Some main parameters are listed in
Table 1.

Figure 1: The lattice of one cell
_________________________________________________________________________________________________________________

The closed orbit of HEPS lattice will be affected by
several kinds of perturbations, such as peripheral ground
vibrations and power supply ripples. According to the
beam stability requirements of advanced light sources, the
rms position/angular motion of the electron beam should
be less than 10% of the beam size/divergence in both
transverse planes for undulators and vertical plane for
bending magnet sources in the frequency range of DC to 1
kHz. For HEPS, some critical reference values of the orbit
distortions for the final lattice are less than 1 Pm and 0.3
Pm in transverse and vertical plane, respectively [5]. In
order to eliminating the fast fluctuation of the beam orbit,
a fast orbit feedback (FOFB) system with the bandwidth up
to 1 kHz is considered [6-8]. In the following, firstly we
will illustrate the brand new algorithm principle and the
numerical simulations, secondly we will depict the
architecture of HEPS FOFB system.
Table 1: Main Parameters of Present HEPS Lattice
Parameters
Values
Energy
6 GeV
Circumference
1360.4 m
114.144/106.232
Tune Qx/Qy
Natural emittance
34 pm
Beam current
200 mA
Momentum compaction
1.3e-5
Periodicity
24

THE NEW SVDC ALGORITHM
Given the matrix,

matrix related to the BPMs and correctors, T is the
corrector strengths, x is the orbit measured by BPMs. The
global correction algorithm is aiming to minimize the orbit
residual min AT  x 2 . However, sometimes we want to
correct the local beam positions or angular motions at
arbitrarily selected positions around the ring (such as the
light source points or the injection point). Then the
unconstraint least square (LS) problem turns to the
constraint least square (CLS) problem. Therefor we are
interested in finding a set of T such that:

min AT  x

*work supported by Union Foundation of excellent post-doctoral of China
(Y71I21).
#huangxy@ihep.ac.cn
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Abstract

High-Intensity Proton Linacs

Linacs for free-electron lasers typically require cavity field
stabilities of 0.01% and 0.01 degree, while the requirements
for high-intensity proton linacs are on the order of 0.1–1%
and 0.1–1 degrees. From these numbers it is easy to believe
that the field control problem for proton linacs is many times
easier than for free-electron lasers linacs. In this contribution
we explain why this is not necessarily the case, and discuss
the factors that make field control challenging. We also
discuss the drivers for field stability, and how high-level
decisions on the linac design affect the difficulty of the field
control problem.

In proton linacs it takes a long distance before the beam
velocity approaches c. Therefore it is necessary to have a
synchronous phase such that the cavity fields provide longitudinal focusing (in addition to acceleration). From Gauss’ law
it then follows that transverse defocusing is also provided.
Unless the amplitudes and phases of the fields are accurately
controlled, the beam is focused differently in the longitudinal and transverse planes, causing a mismatch that leads to
halo production and loss of halo particles. Proton losses on
the structure cause activation which delays hands-on maintenance, and therefore availability of the accelerator. To allow
hands-on maintenance (within a reasonable time) the beam
losses should not exceed 1 W/m [3]. It is often challenging
to achieve this level of beam loss for multi-megawatt proton
accelerators. Many high-intensity proton accelerators are
beam-loss limited, i.e., many subsystem requirements, as
those on field stability, are driven by the need to limit beam
losses.

INTRODUCTION

Radio-frequency linear particle accelerators are essential components in free-electron lasers (FELs), spallation
sources, accelerator-driven nuclear energy, and certain
physics experiments. RF linacs accelerate charged particles with electromagnetic fields confined in radio-frequency
cavities. For proper operation it is important that the amplitudes and phases of the accelerating electromagnetic fields
are accurately regulated. This is achieved by fast feedback
loops implemented in the so-called low-level RF system.
In this paper we discuss what factors that make the field
control problem challenging. One obvious aspect is the
acceptable levels of amplitude and phase errors (in % and ◦ ).
However, another aspect is the amount of load disturbances.
For cavities with heavy beam loading, it can be challenging
to meet even modest field error specifications.
The paper is organized as follows. First, we discuss the
drivers for field stability in FELs and high-intensity proton linacs. Then we consider how the cavity bandwidth
determine the sensitivity to disturbances. Finally, we give
examples of particular field control challenges for specific
linacs. While related, we will not discuss aspects related to
tuning control.

DRIVERS FOR FIELD STABILITY

Free-Electron-Laser Linacs
For FEL linacs, it is mainly beam parameters such as
bunch-to-bunch energy spread, bunch compression in the
injector, and the bunch arrival time at the undulator, that
dictate the required field stability. The European XFEL
[1] and LCLS-II [2] require field stabilities on the order of
0.01 % (rms) for the amplitude and 0.01° (rms) for the phase.
∗

oloft@control.lth.se
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DISTURBANCE SENSITIVITY AS A
FUNCTION OF CAVITY BANDWIDTH
The relative disturbance sensitivity of a cavity is determined by its resistive losses, beam loading, and external
coupling (which is typically chosen based on the first two
parameters). However, for brevity, we consider instead the
cavity (half-)bandwidth γ (which is determined by the resistive losses and the external coupling).
We consider only the accelerating mode; parasitic modes
can be neglected if they are mitigated by notch filters.

Normalized Cavity Dynamics
We will consider the baseband dynamics of the accelerating cavity mode [4] around an operating point (V0 , Ig0 ,
Ib0 ), and normalize accordingly. To this end, introduce z,
u, dg , db as normalized deviations from the operating point
according to: V = V0 (1 + z), where z is relative field errors; Ig = Ig0 (1 + dg ) + γ/(ω0 (r/Q)/2)u, where u corresponds to control action, and dg to amplifier ripple; and
Ib = Ib0 (1 + db ), where db is relative beam variations. The
normalized deviations satisfy
dz
= (−γ + i∆ω)z + γu + γ(Kg dg + Kb db ),
dt

(1)

where ∆ω is the detuning, Kg := ω0 (r/Q)Ig0 /(2γV0 ), and
Kb := ω0 (r/Q)Ib0 /(4γV0 ). For optimally tuned and coupled
cavities Kg is real, and 1 ≤ Kg ≤ 2, and |Kb | . 1. See
Table 1 for typical values of Kg and |Kb |.
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Abstract

The ferrite loaded RF cavities of the CERN Proton Synchrotron Booster will be replaced with Finemet™ loaded
cavities during Long Shutdown 2 (2019-2020). To fully realise the potential of the new cavities, the relative RF phases
must be aligned along the acceleration ramp, where the revolution frequency changes by nearly a factor of 2. A beam
based method of measuring the relative phase between the
cavities is desired to give the best possible compensation
for the frequency dependent phase shift. In this paper we
present an operationally viable method to measure the phase
shift as a function of RF frequency. The relative phase of the
RF cavities can be aligned to within a few degrees, giving
an error on the voltage seen by the beam of less than 1%.

3950

V (t) = V3 sin(ω RF t + ϕ3 ) =
V1 sin(ω RF t + ϕ1 ) + V2 sin(ω RF t + ϕ2 ),

(1)

Where V (t) is the waveform seen by the beam, V3 , ϕ3 are
the amplitude and phase of the resultant voltage, and V1,2
and ϕ1,2 are the voltage and phase of the 1st and 2nd cavities.
Defining cavity 1 as the master cavity, to which cavity 2
must be aligned, allows setting ϕ1 = 0; ϕ3 and V3 can then
be expressed as
1

V3 = [V12 + V22 + 2V1 V2 cos ϕ2 ] 2 ,
V2 sin ϕ2
tan ϕ3 =
.
V1 + V2 cos ϕ2

INTRODUCTION
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Prior to Long Shutdown 2 the RF cavities of the Proton
Synchrotron Booster (PSB) at CERN were tuned ferrite
cavities operating at h = 1, h = 2, and 6 ≤ h ≤ 20. The
PSB revolution frequency changes significantly during the
ramp, from f rev = 0.99 MHz at injection to f rev = 1.81 MHz
at extraction. During Long Shutdown 2, the ferrite cavities
are being replaced with broadband Finemet™ cavities able
to operate at all desired harmonics across the full frequency
span simultaneously [1].
One benefit of the Finemet™ cavities will be the ability to
use a distributed cavity concept, where a particular harmonic
is shared across multiple cavities [2]. Correctly sharing the
voltage between cavities requires the relative phases to be
well aligned so that the voltage seen by the beam is as close
as possible to the programmed value.
There are two contributions to the phase error; a fixed
azimuthal offset (∆Φ), caused by frequency independent
effects, such as cavity locations in the ring; and a dispersive component (ω RF D), where ω RF is the RF angular frequency and D is the dispersion of the cables and other parts
of the RF system. Therefore, the RF phase in a cavity at
any ω RF can be expressed as ϕ = ϕprog + ∆Φ + ω RF D,
where ϕprog is the programmed phase offset. To align the
phase between two cavities, a delay (dt) and azimuth (A)
compensation are used such that ω RF dt = −ω RF D and
A = −∆Φ.
In this paper we present a beam based method to determine the phase offset between two RF cavities operating at
the same harmonic, which can be readily modified to work
at different harmonics. By measuring the relative phase at
different points in the accelerating cycle, corresponding to
different RF frequencies, both ∆Φ and ω RF D can be deter-
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mined. Therefore, the correct dt and A can be programmed
in case a misalignment is measured.
When splitting the voltage between two cavities, the voltage seen by the beam can be expressed as
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(b) Resultant phase

Figure 1: The ratio V3 /(V2 + V1 ) (top) and the resultant
phase (bottom) for different V2 /(V1 + V2 ) voltage ratios in %
(colour) and values of ϕ2 (x-axis).
Figure 1 shows how V3 (1a) and ϕ3 (1b) vary at different ratios of V2 to V1 and as ϕ2 varies from −π to +π. To
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TIME VARYING RF PHASE NOISE FOR LONGITUDINAL EMITTANCE
BLOW-UP
S. Albright, CERN, Geneva, Switzerland
D. Quartullo, Sapienza University of Rome, Rome, Italy

RF phase noise was shown to be effective for controlled
longitudinal emittance blow-up in the Proton Synchrotron
Booster (PSB) at CERN during beam tests in 2017, with
further developments in 2018. At CERN, RF phase noise is
used operationally in the Super Proton Synchrotron (SPS)
and Large Hadron Collider (LHC). In this paper we show
that it is suitable for operation with a variety of beam types
in the PSB. In the PSB the synchrotron frequency changes
by approximately a factor 4 during the 500 ms acceleration
ramp, requiring large changes in the frequency band of the
noise. During 2018, a new method of calculating the noise
parameters has been demonstrated, which gives upper and
lower bounds to the noise frequency band that are smoothly
varying through the ramp. The new calculation method has
been applied to operational beams accelerated in both single
and double RF harmonics, the final results are presented
here.

INTRODUCTION

Band limited phase noise is used operationally in the Large
Hadron Collider (LHC) and Super Proton Synchrotron (SPS)
at CERN for controlled longitudinal emittance blow-up [1,
2]. In contrast, the Proton Synchrotron (PS) and Proton
Synchrotron Booster (PSB) use single frequency modulation
of a high harmonic RF system, this method is not discussed
here but details can be found in Ref. [3]. The use of band
limited phase noise has been demonstrated in the PSB [4],
here we give details of a new approach to calculating the
noise program and the results of a 2018 reliability run.

Synchrotron Frequency (Hz)
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Figure 1: Synchrotron frequency distribution inside a single harmonic bucket (8 kV, h = 1) at PSB injection (blue
line) with the 1 eV s emittance (red line) and synchroton
frequencies at fs,0 and 1 eV s (black lines)
Figure 1 shows the synchrotron frequency distribution
at the start of the cycle in a harmonic h = 1 bucket with
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Figure 2: Small amplitude and 1 eV s synchroton frequency
through the acceleration cycle with Vh1 = 8 kV.
During acceleration both fs,0 and fs,1 change significantly,
as does the distance between them as shown in Fig. 2. In
order to cleanly blow up the bunch the noise band must follow these changing limits as closely as possible. The noise
is typically calculated by taking white noise and setting a
bandwidth in the frequency domain, which is then converted
to the time domain by an inverse Fourier Transform. This
process is repeated at several stages along the ramp to follow
the changing frequency spread [4]. The duration of each
noise segment must be carefully chosen as a longer segment
gives more resolution in frequency space, but shorter segments allow the changing frequency spread to be followed
more closely. For the 2018 reliability run, a new approach
to the calculation was used to better follow the changing
conditions, which is the subject of the following section.

NOISE PROGRAM CALCULATION

800
0.0

RF Voltage Vh1 = 8 kV. To target a 1 eV s emittance (vertical red line), a noise band is applied with an upper bound
at the small amplitude synchrotron frequency ( fs,0 ) and a
lower bound at the synchrotron frequency at 1 eV s ( fs,1 ),
shown by the two horizontal black lines. Any particle with
a synchrotron frequency within that band will be excited to
higher amplitudes, therefore allowing a direct targetting of
the required longitudinal emittance [5].

In time domain a sine wave with time varying frequency
can be readily calculated as
∫

A(t) = sin
2π f (t)dt + ϕ ,
(1)
where A(t) is the waveform, f (t) is the time dependent frequency and ϕ is an initial phase offset. Rather than transforming from frequency domain to time domain the noise
program can be calculated by taking a sum over any number
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Abstract

The CERN PS Booster (PSB) is the first circular accelerator in the LHC proton injector chain. The upgrade of this
four-ring machine is underway within the framework of the
LHC Injectors Upgrade project. The existing digital LowLevel RF (LLRF) system will also be upgraded. This paper
outlines the LLRF capabilities required, their implementation and the challenges involved. Results of tests carried
out to prepare for the LLRF upgrade are given.

INTRODUCTION

The CERN Proton Synchrotron Booster (PSB) is the first
circular accelerator in the LHC proton injector chain. This
four-ring machine is being upgraded [1] as part of the Long
Shutdown 2 (LS2) activities, under the LHC Injector Upgrade project [2]. The PSB will restart in 2020 with a new
injection energy/scheme, extraction energy, Btrain and
Finemet-based High-Level RF (HLRF) [3] systems.
Table 1 shows the main PSB parameters after LS2. Two
extraction energies are foreseen: a) 1.4 GeV for operation
with the radioactive ion beam facility ISOLDE, b) 2 GeV
for CERN’s Proton Synchrotron (PS). Cycle and acceleration lengths will remain of 1.2 s and 0.53 s, respectively.
Table 1: Post-LS2 Main PSB Parameters
Injection
Extraction - a
Extraction - b

Energy
160 MeV
1.4 GeV
2 GeV

Revolution frequency
992 kHz
1.748 MHz
1.807 MHz

POST-LS2 LLRF SYSTEM
Hardware and Software
In 2014 we successfully deployed innovative digital
Low-Level RF (LLRF) systems at the PSB restart [4]. They
controlled the ferrite-based HLRF systems in each ring and
a test Finemet HLRF in Ring 4 [5].
These five LLRF systems are now being upgraded to
control the new Finemet-based HLRF systems [3]. The
LLRF systems for PSB Rings 1 to 4 control the HLRF and
the beam for their respective ring. A fifth one, called Ring 0
LLRF, controls the HLRF systems and beam in PSB Ring 4
for user-selectable cycles, replacing the standard Ring 4
LLRF. Its aim is to carry out dedicated Machine Development (MD) sessions via custom software and firmware.
Figure 1 shows the LLRF building blocks for one ring,
their functions and input/output signals. Each LLRF system includes five motherboards instead of the three used
before LS2. Each PSB ring comprises three HLRF systems
located in sectors 5, 7 and 13, respectively. Each HLRF includes 12 Finemet cells and delivers 8 kV total voltage.
A single LLRF motherboard, shown as FMC-DSP Carrier C to E in Figure 1, controls the HLRF of a sector. Sixteen complete cavity voltage/phase servoloops are embedded in the FPGA and share one Analogue to Digital (ADC)
input and one Digital to Analogue (DAC) output. The
achievable bandwidth is nearly a factor of 10 higher than
that previously obtained [5].

Figure 1: Post-LS2 LLRF for one PSB ring. Keys: MDDS – Master Direct Digital Synthesiser, ADC – Analogue-toDigital Converter, DAC – Digital-to-Analogue Converter, TPU – Transverse Pick-Up, CTRV – Timing Receiver Module, MEN A20 – Master VME board, RTM – Rear Transition Module, DSP – Digital Signal Processor, FPGA – Field
Programmable Gate Array, FMC – FPGA Mezzanine Card.
___________________________________________
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THE NEW DIGITAL LOW-LEVEL RF SYSTEM FOR CERN’S EXTRA
LOW ENERGY ANTIPROTON MACHINE
M. E. Angoletta†, M. Jaussi, J. C. Molendijk, CERN, Geneva, Switzerland

Abstract
CERN’s new Extra Low ENergy Antiproton accelerator/decelerator (ELENA) completed its initial commissioning in 2018. This machine is equipped with a new digital
Low-Level RF (LLRF) system that implements beam and
cavity loops as well as longitudinal diagnostics. ELENA’s
LLRF was instrumental for machine commissioning by decelerating some 1 E7 antiprotons from 5.3 MeV to 100 keV.
Commissioning with H- ions took also place. Challenges
faced included coping with low beam intensity and the
wide frequency swing. This paper gives an overview of the
LLRF system capabilities and operation. Beam results
achieved with both H- ions and antiprotons are also shown.

LLRF SYSTEM OVERVIEW
Figure 2 shows a schematic view of the ELENA LLRF
system. With respect to a previous description [2], programmable amplifiers are added to better match the input
signal level to the analogue-to-digital converters in the
LLRF acquisition path. Two external reference signals are
sent to the LLRF system to carry out the injection and the
extraction synchronisation loops, used for bunch-to-bucket
transfer into ELENA from AD and for beam extraction towards the experiments, respectively.

INTRODUCTION

CERN’s Extra Low ENergy Antiproton (ELENA) ring
underwent its second full year of beam commissioning in
2018. Table 1 shows ELENA’s main parameters for operation with antiprotons taken from the Antiproton Decelerator (AD). Figure 1 shows the corresponding cycle, including the segments where the RF is active and the beam is
bunched. ELENA can also take beam from an ion source
capable of generating H- ions as well as protons.
Table 1: ELENA Parameters for Antiprotons Operation
Parameter
Energy, MeV
Magnetic field, mT
Revolution frequency, kHz
Number of particles

Injection
5.3
359.8
1044.9
3107

Extraction
0.1
49.3
144
1.8107

NEW LLRF CAPABILITIES
Frequency Program Calculation

Figure 1: ELENA cycle for antiprotons operation.
The 2018 ELENA’s commissioning was successful, despite a lack of beam availability. In particular, the ion
source stopped operating in September 2018. It was also
powered by its spare insulation transformer thus providing
ions at the lower-than-nominal energy of 85 keV. The AD
suffered from faults that caused several weeks of downtime. Major progress includes the electron cooler commissioning and the extraction of antiprotons/H- ions to the
GBAR experiment [1]. ELENA’s in-house developed
Low-Level RF (LLRF) was instrumental in enabling both
tasks.
___________________________________________
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Figure 2: LLRF layout. Keys: MDDS – Master Direct Digital Synthesiser, ADC – Analogue-to-Digital Converter,
DAC – Digital-to-Analogue Converter, CTRV – Timing
Receiver Module, MEN A20 – Master VME board, RTM
– Rear Transition Module, CCI – Cavity Control Interface,
LPU/TPU – Longitudinal/Transverse Pick-Up.

In 2017 we found the frequency program not to follow
the Btrain continuously but to show a step-like behaviour.
The step amplitude depended on the Btrain and could reach
40 Hz at low energy. The reason was the limited processing
resolution of single-precision floating point arithmetic
when applied to very low Bfield values. The solution required optimising the numerical implementation of the frequency program and provided sub-Hz resolution also at
low energy. This new frequency program showed fluctuations caused by oscillations in the acquired Btrain. The previous frequency program masked such oscillations which
still cannot be eliminated. ELENA operations required
minimising the fluctuations passed to the beam by adding
a smoothing filter to the frequency program.
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Abstract

LOW-LEVEL RF SYSTEM

The Antiproton Decelerator (AD) has been routinely
providing 3 E7 antiprotons since July 2000 at 100 MeV/c
from 3.5 GeV/c. It will be refurbished during the Long
Shutdown 2 (LS2) to provide reliable operation for the new
Extra Low ENergy Antiproton (ELENA) ring. AD will be
equipped with a new digital Low-Level RF (LLRF) system
before its restart in 2021. Diagnostics to measure beam intensity, Δp/p and Schottky spectra will also be developed.
This paper is an overview of the planned capabilities and
implementations, as well as of the challenges to overcome.

INTRODUCTION

In operation since July 2000 [1], CERN’s Antiproton
Decelerator (AD) provides the physics program with lowenergy antiprotons by decelerating 3 E7 particles per cycle
to 5.3 MeV kinetic energy. It will be upgraded and consolidated [2] during the Long Shutdown 2 (LS2) to provide
reliable operation to the Extra Low ENergy Antiproton
(ELENA) ring [3]. Changes to the AD include replacing its
decelerating, ferrite-based High-Level RF (HLRF) system
with one based on Finemet metal alloy. A new Low-Level
RF (LLRF) with additional functionalities will control it.
The existing longitudinal intensity and Schottky measurement system will also be upgraded.
Table 1 shows the momentum and revolution frequency
values at each flattop. Figure 1 shows the typical AD production cycle including the RF segments, i.e. cycle parts
where the RF is active. Energy levels and cycle structure
will not change after LS2.
Table 1: AD Flattop Momentum and Frequency Values
Flattop
FT1
FT2
FT3
FT4

Momentum
3.57 GeV/c
2 GeV/c
300 MeV/c
100 MeV/c

Revolution frequency
1.589478 MHz
1.487728 MHz
500.465 kHz
174.155 kHz

Figure 1: AD production cycle.

Hardware and Software
The AD LLRF system belongs to the same hardware and
software family already deployed in several CERN machines [4 - 7]; it will be a modified version of that successfully deployed in ELENA [6, 7].
Figure 2 shows a schematic view of the system. Two
boards will interact in real time to carry out the requested
tasks. The FPGA Mezzanine Card (FMC) [8] daughtercards will be clocked by a fixed 122.7 MHz clock. This is
the new standard for the LLRF family and allows Analogue-to-Digital and Digital-to-Analogue converters to operate with an optimal signal-to-noise ratio. The challenge
of tracking bunches over a wide frequency swing will be
addressed by sophisticated FPGA filters.
Inputs will come from a Longitudinal Pick-Up (LPU) [9]
and from a Transverse Pick-up (TPU). The LLRF will be
interfaced to the orbit system [10] via optical fibres, to send
the revolution frequency and to get the measured orbit. The
magnetic field value will be obtained via optical fibre [11].
The LLRF will control the HLRF system, as detailed later.
The LLRF will generate several RF trains. The h = 1
train will be sent to the analogue data acquisition and to the
tomoscope [12] systems. The LLRF will give harmonic
number, detected voltage, Btrain value and Btrain derivative to the tomoscope. An h = hRF train will be sent to the
timing and an h = 8 train to the tune measurement systems.

System Capabilities and Operation
The frequency program is implemented from a synthetic
(not measured) Btrain. The beam phase loop will receive
signals from the LPU and will damp coherent longitudinal
dipole oscillations. A radial loop, absent in the previous
LLRF, will be deployed. This will correct frequency errors
caused by the synthetic Btrain; its input will be user-selectable: TPU or orbit signals. The extraction synchronisation loop will lock the bunch to an external reference, improving the extracted bunch energy reproducibility.
As the AD cycle lasts nearly two minutes, diagnostics
data will need to be published before it ends. The beam is
bunched/debunched in each RF segment; the 1024 vectors
in each LLRF function will allow covering the whole cycle. Settings will be integrated in the AD RF cycle editor
and will be automatically adapted to cycle length changes.
Finally “PAUSES”, where the execution of the magnetic
cycle is stopped, will be managed by the LLRF system.
Antiproton stacking and extraction at 300 MeV/c, not
planned after LS2, will not be included in the LLRF. It will
be possible to add these features later on.

___________________________________________
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The CLIC study is investigating the technical feasibility
of an electron-positron linear collider with high luminosity
and a nominal centre-of-mass energy of 3 TeV. Pre-damping rings and damping rings (DRs) will produce ultra-low
emittance beam with high bunch charge. The DR kicker
systems, each of which consists of a set of striplines and
two inductive adders, must provide extremely stable field
pulses. The DR extraction kicker system is the most demanding: specifications require a field uniformity within
+/-0.01% and pulses up to 900 ns flattop duration, at +/12.5 kV and 309 A, with ripple and droop of not more than
+/-0.02 % (+/-2.5 V), with respect to a reference waveform.
Two prototype inductive adders have been designed and
built at CERN, and have been tested with prototype
striplines installed in the storage ring of the ALBA Synchrotron Light Source, in Spain. The stability of the kicker
system, including the modulators, has been evaluated from
the beam-based measurements and is reported in this paper.

1 GHz specifications call for a burst of two 160 ns duration
pulses with 580 ns between the end of the flat-top of the
first pulse and the beginning of the flat-top of the second
pulse. This can also be fulfilled with a single 900 ns, continuous, flat-top pulse.
Table 1: Specifications for the CLIC DR Extraction Kicker
Deflection angle
Voltage
Current
Flat-top duration
Impedance
Flat-top stability

1.5 mrad (at 2.86 GeV)
±12.5 kV
±309 A
160 | 900 ns
40.5 Ω (odd-mode)
50 Ω (even-mode)
±0.02 %

INTRODUCTION

To achieve high luminosity at the interaction point of
CLIC [1], it is essential that the beams have very low transverse emittance: the Pre-Damping Ring (PDR) and Damping Ring (DR) damp the beam emittance to extremely low
values in all three planes. Stripline kickers are required to
inject beam into and extract beam from the PDRs and
DRs [2]. Jitter in the magnitude of the kick waveform
causes beam displacement at the interaction point [3].
Hence, in particular, the DR extraction kicker must have
excellent pulse stability (i.e. flatness).
The full-scale prototype of the CLIC DR extraction
kicker system, including striplines and two pulse modulators developed at CERN, have been installed and tested
with beam in the ALBA Synchrotron Light Source. Results
of the beam-based measurements on the stability of the longitudinal field, i.e. the sum of the integrated electric and
magnetic fields, of the kicker system are reported here.

SPECIFICATIONS

The specifications for the CLIC DR extraction kicker
systems are shown in Table 1 [1]. Design specifications for
both a 1 GHz and 2 GHz RF system were proposed: both
require that the DR extraction modulator produces pulses
of 12.5 kV, with ±0.02 % stability (pulse flatness) and
±0.01 % repeatability for the kick field [1]. The 2 GHz
specifications require a 160 ns duration flat-top [1]. The
________________________________________________________
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Figure 1: Schematic of an inductive adder with a single
constant voltage layer and an analogue modulation layer.

INDUCTIVE ADDERS
An inductive adder (Fig. 1) is a solid-state modulator,
which can provide relatively short and precise pulses, and
hence it has been selected as the most promising means of
achieving the specifications for the DR kickers [4]. An
early reference about design principles of an inductive adder is given in [5] and an extensive summary of previous
developments of inductive adders at Lawrence Livermore
National Laboratory is given in [6], with examples of using
modulation techniques for trimming output waveforms.
More recent research on inductive adders, also called inductive voltage adders or linear transformer drivers in the
literature, have been carried out for Pockels Cells drivers
for the National Ignition Facility [7], fast kicker systems at
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Abstract

In the event that it is necessary to exchange an LHC injection kicker magnet (MKI), the newly installed kicker magnet
would limit operation for a few hundred hours due to dynamic vacuum. A surface coating with a low secondary
electron yield, applied to the inner surface of an alumina
tube to reduce dynamic vacuum activity without increasing
the probability of Unidentified Falling Objects, and which is
compatible with the high voltage environment, was included
in an upgraded MKI installed in the LHC during the 2017-18
Year End Technical Stop. In addition, this MKI included an
upgrade to relocate a significant portion of beam induced
power from the yoke to a “damping element”: this element is
not at pulsed high voltage. The effectiveness of the upgrades
has been demonstrated during LHC operation, hence a future
version will include water cooling of the “damping element”.
This paper reviews dynamic vacuum around the MKIs and
summarizes operational experience of the upgraded MKI.

INTRODUCTION

The Large Hadron Collider (LHC) is equipped with two
injection kicker (MKI) systems, MKI2 and MKI8, for deflecting incoming particle beams onto the LHC’s equilibrium
orbits [1]. Counter-rotating beams circulate in two horizontally separated pipes. Both MKI2 and MKI8 comprise four
systems, named "A" through "D": "D" is the first to see injected beam. On the "D" side of the injection kicker magnets
there is a superconducting quadrupole, known as "Q5".
With high bunch intensity and short bunch lengths, integrated over many hours of a physics fill, the beam coupling
impedance of the magnet ferrite yoke can lead to significant
beam induced heating. To limit longitudinal beam coupling
impedance, while allowing a fast magnetic field rise-time, a
∼3 m long alumina tube with screen conductors lodged in
its inner wall is placed within the aperture of the magnet [2].
The conductors, which provide a path for the image current
of the beam, are connected to the standard LHC vacuum
chamber at one end and are capacitively coupled to it at the
other end. There is a set of toroidal ferrite rings around
each end of the alumina tube, outside of the aperture of the
magnet, whose original purpose was to damp low-frequency
resonances [3]. Measurements show that the alumina has a
maximum Secondary Electron Yield, SEY, (δmax ) of 9 [4],
and can thus result in significant electron cloud (ECloud).
∗
†
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Dynamic vacuum activity, due to ECloud, occurs in and
nearby the MKIs: the predominant gas desorbed from surfaces is H2 . Conditioning of surfaces reduces ECloud, but
further conditioning is often required when beam parameters
(e.g. bunch spacing, length and intensity) are pushed [5, 6].
Voltage is induced on the screen conductors during field
rise (to 30 kV) and fall. High pressure, at the capacitively
coupled end, can result in breakdown/flashover: hence an interlock prevents injection when the pressure is above threshold. The thresholds, for the MKI interconnects, are typically
set to 5x10−8 mbar [7]. During 2012 it was necessary to
replace an MKI, during a Technical Stop, which was exhibiting electrical breakdowns. The high SEY of the virgin
alumina tube resulted in high dynamic pressure both in the
upgraded MKI8D tank and interconnects to both MKI8C
and Q5. A figure of merit for the dynamic pressure is the
normalized pressure (Pn ): this is the measured pressure divided by the number of circulating protons (p). The highest
Pn occurred in interconnect Q5-MKI8D, followed by interconnect MKI8D-MKI8C. Initially it was necessary to keep
the beam current low to maintain the pressure below the
interlock thresholds. It required ∼280 hours, with 50 ns
spaced beam bunches, to achieve a Pn , in the MKI8D tank,
similar to the pre-TS3 level [7]: the integral of the beam
current, during this time, corresponds to a charge of 24 C.
Nevertheless, Pn for Q5-MKI8D remained a factor of ∼3
above Q5-MKI2D.
All the MKIs were upgraded during Long Shutdown 1
(LS1) to have a beam screen with 24 (instead of 15) conductors [8]: the alumina tubes were also replaced with new tubes,
still of 99.7% alumina. In addition, the vacuum systems on
the interconnects between MKI magnets were upgraded: (a)
interconnects were NEG coated; (b) a NEG cartridge was
integrated to give a nominal pumping speed of 400 l/s for H2
(prior to LS1, ion pumps provided a nominal 30 l/s for H2 ).
Fig. 1 shows Pn , Post-LS1: the X-axis is the integral of beam
current, which allows comparison of Pn for different periods
of time. The reduction in Pn by a factor of ∼5 between ∼2 C
and ∼4 C (Fig. 1) corresponds to 50 ns spaced beam bunches,
rather than 25 ns spacing. The upper envelopes of the Pn
curves are relatively flat from ∼20 C of beam current. Although Fig. 1 only shows the MKI8D-MKI8C interconnect
between MKIs, the other 5 interconnects between magnets
have a Pn very similar to this trace. By 20 C, the MKI8DMKI8C has a Pn a factor of 4 to 5 below Q5-MKI2D, which
is itself a factor of 3 below Q5-MKI8D.
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Abstract
The CLIC study is investigating the technical feasibility
of an electron-positron collider with high luminosity and a
nominal centre-of-mass energy of 3 TeV. Pre-damping
rings and damping rings (DRs) will produce ultra-low
emittance beam with high bunch charge. The DR kicker
systems must provide extremely stable field pulses to avoid
beam emittance increase. Each DR extraction kicker system consists of a set of striplines and two pulse modulators.
Specifications for this system require that the modulator
produce pulses of 900 ns flattop duration, +/-12.5 kV and
305 A, with ripple and droop of not more than +/-0.02 %
(+/-2.5 V) with respect to a reference waveform. Inductive
adder topology has been chosen for the pulse modulators.
Two full-scale, 20-layer, 12.5 kV prototype inductive adders have been designed, built and tested at CERN. This
paper presents the measurements of the stability of these
adders for two different waveforms: a flat-top waveform
and a controlled decay waveform, the latter of which is required to generate flat-top total field for the CLIC DR extraction stripline kicker.

INTRODUCTION

The Compact Linear Collider (CLIC) would be a highenergy electron-positron collider [1]. It could provide very
clean experimental environments and steady production of
all particles within the accessible TeV energy range. To
achieve high luminosity at the interaction point of CLIC, it
is essential that the beams have very low transverse emittance: the Pre-Damping Ring (PDR) and Damping Ring
(DR) damp the beam emittance to extremely low values in
all three planes. Stripline kickers are required to inject
beam into and extract beam from the PDRs and DRs [2].
Jitter in the magnitude of the kick waveform causes beam
displacement at the interaction point [3]. Hence, in particular, the DR extraction kicker must have excellent pulse
stability (i.e. flatness).
Two full-scale prototype inductive adders for the CLIC
DR extraction kicker system have been designed, built and
tested at CERN. Recently, these two modulators, together
with prototype striplines, have been installed and tested
with beam in the ALBA Synchrotron Light Source [4].
___________________________________________
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SPECIFICATIONS FOR THE CLIC DR
EXTRACTION KICKER SYSTEM
The specifications for the inductive adders for the CLIC
DR extraction kicker system are shown in Table 1 [1]. Design specifications for both a 1 GHz and 2 GHz RF system
were proposed: both require that the DR extraction modulator produces pulses of 12.5 kV, with ±0.02 % stability
and ±0.01 % repeatability for the kick field [1]. The 2 GHz
specifications require a 160 ns duration flat-top [1]. The
1 GHz specifications call for a burst of two 160 ns duration
pulses with 580 ns between the end of the flat-top of the
first pulse and the beginning of the flat-top of the second
pulse. This can also be fulfilled with a single 900 ns, continuous, flat-top pulse.
Table 1: Specifications for the ±12.5 kV Inductive Adders
for CLIC DR Extraction Kicker
Output voltage
Nominal load impedance
Nominal output current
Flat-top duration
(excl. settling time)
Waveform stability
Waveform repeatability

±12.5 kV
40.5 Ω
±309 A
160 | 900 ns
±0.02 %
±0.01 %

Figure 1: Schematic of an inductive adder with a single
constant voltage layer and with an analogue modulation
layer.
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Abstract

Although no heating issues were observed in the Large
Hadron Collider’s (LHC) injection kicker magnets (MKIs)
during Run 2, simulations suggest that for operation with
the high intensity beams of the High Luminosity LHC (HLLHC) project, the magnet’s ferrite yokes will reach their
Curie temperature, thus leading to long turnaround times
before a new beam can be safely injected into the machine.
To safely enter the HL-LHC era, a campaign to redesign
the kicker’s beam screen was launched. An improved beamscreen has already been implemented in an upgraded MKI,
that was installed in the LHC tunnel in the Year End Technical Stop (YETS) 17/18, and has been successfully tested
during 2018 operation. However, the improved design alone
is not expected to be enough for HL-LHC operation, and
further modifications are required. In this work, the approach to the design from an electromagnetic point of view
is presented and different considered options are reported,
emphasising the final design of the new beam screen system
that is currently being implemented.

INTRODUCTION

Although the design of the LHC injection kicker magnets
(MKIs) after Long Shutdown 1 (LS1) [1] did not lead to heating issues that could limit the LHC operation during Run 2,
simulations suggest that for operation with beam parameters
of the High-Luminosity LHC (HL-LHC) project [2], the
ferrite yokes will reach their Curie temperatures (TC ) [3].
Consequently, their magnetic properties will be affected
and injection into a stable LHC orbit may not be possible.
Waiting for the magnets to cool down would lead to unacceptably long turnaround times and therefore a campaign
was launched to modify the MKI’s beam screen system to
ensure sufficiently low temperatures when operated with
HL-LHC beams.
During the YETS 17/18 an upgraded MKI was installed
in the LHC tunnel at point 8 (MKI8D) [4]. Among other
improvements, the new kicker featured a modified beam
screen that aimed to reduce the total induced RF heating
while at the same time relocating it from the ferrite yokes to
9 upstream-side (beam input) ferrite rings, initially placed
around the alumina tube outside the magnet aperture to damp
low frequency modes [5]. Operational experience during
2018 has demonstrated that the upgraded magnet is exhibiting significantly lower temperatures than any of the other
seven currently installed magnets [6]. However, simulations
suggest that the improvements provided by the modified de∗
†
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sign alone will not be sufficient for HL-LHC operation [3].
Although the RF power that is directly dissipated in the
magnet’s yokes is expected to be significantly reduced, the
ferrite rings are expected to reach high temperatures and
heat would be transferred to the yokes through radiation and
conduction [3]. These predictions were made assuming constant beam parameters (steady state simulations) and that the
ferrites maintain their damping properties even above their
TC . The latter assumption implies that, in the simulation
models, ferrites do not cease to dissipate RF power and thus
their temperatures are constantly increasing to even higher
values; as demonstrated in [7], such an assumption is unphysical. In a more realistic scenario, the rings would loose
their damping properties once their TC is reached, leading
to the degradation of the magnet’s longitudinal impedance
and in turn to more power being dissipated in the yokes. The
analysis of such a dynamic phenomenon was too complex
to be addressed with the existing tools and the level of uncertainty of any approximate model would be considerable.
Instead, a more conservative approach was adopted allowing
the ferrites to maintain their magnetic properties even above
TC . However, for an acceptable design, all ferrites were
required to remain below their respective TC .
Ultimately, to achieve relocation of the dissipated power
and to ensure proper functionality of all ferrites with HLLHC beams, additional measures had to be taken. In particular, it was decided that the new beam screen system will
consist of (i) a suitably chosen and properly placed lossy
material (RF load) to dissipate the coupled RF power before
it reached the yokes and (ii) an active cooling mechanism
in the vicinity of the load to maintain it at acceptably low
temperatures.

THE RF LOAD AND ITS HOUSING
Based on the existing experience and successful operation
of the upgraded magnet, it was decided that a tubular ferrite
placed around the upstream end of the alumina tube will be
used as an RF load, in place of the 9 rings. CMD10 from
National Magnetics [8] fulfilled all set criteria, discussed
in [9]. Contrary to the current designs, a single ferrite block
is used to facilitate heat transfer within the load by avoiding
inevitable small gaps between adjacent ferrite rings that
would impair the effectiveness of the cooling mechanism [3].

Integration in the System
Different options for the integration of the RF load into the
existing system were examined and simulated with CST [10].
Due to a strict timeline, the grounded metallic cylinder that
overlaps with the screen conductors and provides capacitive
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Abstract

Kicker magnets contribute significantly to the total
impedance budget of many accelerators. Of particular interest, from a beam stability point of view, is the transverse
beam coupling impedance (TBCI) that is used to determine
intensity limitations of a machine. Until recently, no conclusive TBCI data for the Large Hadron Collider (LHC)
injection kicker magnets (MKIs) was available. However, in
view of the upgrade of the MKIs for the High-Luminosity
LHC (HL-LHC) project, the TBCI of the existing design
needed to be estimated to be used as reference for an upgraded version. To that end, electromagnetic simulations
were carried out to determine the dipolar and quadrupolar
components of the TBCI in the two transverse planes. To
validate the simulations, test bench measurements were performed using standard RF measurement techniques. In the
present work, the results from TBCI simulations and measurements are reported and compared. Detailed descriptions
of the methods and techniques used as well as the realization
of the experimental set-up are also given.

paths at their nominal positions in the centre of the magnet. To obtain the linear terms, the source/test beam path is
shifted by a predefined distance, while the other is kept at
its unperturbed position, and the total transverse impedance
Zu (ω) is estimated. Then, assuming the validity of Eq. 1,
the dipolar/quadrupolar components can be computed as
dip/quad
1
Zu
= us/t
(Zu (ω) − Zu0 (ω)). The perturbed paths
must be placed sufficiently close to the nominal one, so that
the linear approximation holds and the simulation domain
must be properly set so that there is sufficient resolution
between the two paths. Due to long simulation times and
strict timetables, a parametric analysis for the path displacement was not adopted. Instead, a value of 1 mm was chosen,
∼4.6% of the pipe radius, nevertheless, the results will be
validated with measurements.

Results

In the above notation, Zu0 (ω) is the component of the transverse impedance that is independent of the particles’ offsets,
dip/quad
(ω) is the term linearly proportional to offset
while Zu
of the source/test particle, referred to as dipolar (or driving)
and quadrupolar (or detuning) components respectively.

The dipolar and quadrupolar components of the MKI
transverse impedance as estimated from CST simulations
are shown in Figs. 1 and 2, respectively. As discussed in [4]
modes at frequencies above 50 MHz were also observed but
with significantly lower shunt impedance values. Therefore,
the present work focuses on the frequency range 5-50 MHz.
For the dipolar component in the horizontal plane 4 modes
were observed two of which have shunt impedance values
of a few MΩ/m. Moreover, in the vertical plane, two low
frequency modes can be identified, of the same order of magnitude as the horizontal ones. Wakelengths of 750 m were
used in the simulations which led to a frequency resolution
of 400 kHz for the corresponding frequency domain signals.
Due to time restrictions, simulations of longer wakelengths
were not performed and the accuracy of the sampling rate
will be validated with measurements.
As seen in Fig. 2 the real parts of the horizontal and
vertical quadrupolar components of the MKI are equal in
magnitude but opposite in sign. This can be attributed to
the fact that the MKI beam screen is symmetric under 90◦
rotations along most of its length [5]. Four modes are observed below 50 MHz with the strongest ones found around
7.4 MHz and 11.5 MHz having shunt impedance values of
about 2 MΩ/m and 1 MΩ/m, respectively.

ELECTROMAGNETIC SIMULATIONS

TEST BENCH MEASUREMENTS

INTRODUCTION

The TBCI is a frequency domain quantity defined as the
Fourier transform of the transverse wake potential [1,2]. In a
general setting the two components of interest can be written
as Zu (xs , xt , ys , yt ; ω), where u takes the values x, y for each
of the two transverse planes under consideration, with xs/t
and ys/t denoting the horizontal and vertical displacement
of the source/test particle, respectively. Assuming absence
of coupling between the two planes and transverse displacements small enough so that second and higher order terms
are considered negligible, the two components of the TBCI
function can be expanded as [1]
dip

quad

Zu (ω) ≈ Zu0 (ω) + us Zu (ω) + ut Zu

(ω).

(1)

Method

Method

Using CST [3] the zeroth order terms of the impedance
can be evaluated by maintaining both source and test beam

To measure the dipolar TBCI of the MKI, the 2-wire
method was used [6]. The technique requires that two wires
displaced at equal distances from the nominal beam path
are stretched along the device under test (DUT) and excited
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Abstract

Optics corrections in the LHC are based on a response
matrix between available correctors and observables. Supervised learning has been applied to optics correction in the
LHC demonstrating promising results on simulations and
demonstrating the ability to reach acceptably low β-beating.
A comparison of diﬀerent algorithms to the traditional response matrix approach is given, and it is followed by the
presentation of further possible concepts to obtain optics
corrections using machine learning (ML).

INTRODUCTION

ML techniques have found their application in a wide
range of accelerator control tasks [1, 2]. Attempts to build
beam diagnostics and beam control systems using ML have
been made already in the past decades [3–5], including orbit
corrections using dipole ﬁeld strengths predicted from the
orbit deviations using neural networks [3].
In the LHC, global optics corrections are performed trimming quadrupolar ﬁelds aiming to reduce the diﬀerence
between the measured and design optics functions around
the ring. The strengths of the quadrupole circuits required
to achieve the desired low β-beating are obtained using the
Response Matrix (RM) approach [6]. The identiﬁcation of
local error sources and ﬁnding the correction is based on
the Segment-by-Segment technique [7] and is used mostly
around the interaction points (IPs). In this work we focus
on global optics correction only, the local corrections in the
triplets region are usually performed prior to global correction computation.

Dataset Generation
In order to create a training set, random errors are introduced into the MAD-X-variables that represent physical
circuits. It has to be noted though, that in the simulation of
the training set we use the strength of the circuits and each
circuit represents in general the powering of a set of several
quadrupoles. While simulating the data, the circuit errors
are the input of the simulations and the produced optics functions perturbed by the introduced errors are the output. The
data is generated for Beam 1 for the 2016 optics settings,
with β∗ = 40 cm and using injection tunes.
To train the model we ﬂip this relation, such that the circuit
errors have to be found based on given optics perturbation.
The optics measurements in the LHC are mainly concerned
by the phase advance measured between neighbouring beam
position monitors (BPM). Therefore, the phase advance deviations from the nominal optics measured at each BPM are
considered as model input (features). A correction knob,
which is a list containing the correction applied to each variable, is the desired output of the trained model. A simulation

SUPERVISED LEARNING APPLIED
TO OPTICS CORRECTIONS

In order to compute the corrections, the measured data
have to be compared with the ideal optics design. The deviations from ideal optics have to be compensated by computed
corrections [6, 8, 9]. In terms of machine learning, this task
can be deﬁned as a regression problem that can be solved
by training a model using measurements and corresponding
corrections. Such a regression model requires a large dataset
in order to be able to generalize and produce reliable results.
As corrections are only performed few times per year, training on corrections from the past is not possible, since not
enough data is available. Another approach for data acquisition is to simulate optics perturbation with known errors in
the MAD-X variables that correspond to physical circuits
in the machine. To correct the perturbed optics the circuit
∗

strengths predicted by the regression model just have to be
applied with the opposite sign.

Figure 1: Simulated beta-beating after applying corrections
computed with linear response matrix and predicted by Random Forest regressor on a measurement simulated with circuit errors and no noise. The mean absolute error between
the introduced errors and computed corrections is 2 × 10−6
for response matrix and 3 × 10−8 for Random Forest.
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PERFORMANCE VALIDATION OF THE EXISTING
AND UPGRADED PS INJECTION KICKER

A. Ferrero Colomo∗, N. Ayala Cintas, A. Chmielinska, V. Forte, M.A. Fraser, T. Kramer, L. Sermeus,
CERN, Geneva, Switzerland
Abstract
The CERN PS injection kicker KFA45 will be upgraded in
the framework of the LHC Injector Upgrade (LIU) project to
allow for injection of 2 GeV proton beams. This paper summarizes the recent efforts to validate beam based waveform
measurements, Pspice simulations and current waveform
measurements by direct magnetic field measurements in the
aperture of the existing system. The magnetic probe, associated measurement hardware design and measurements
results are discussed. The paper concludes with a performance comparison and an outlook to future waveform tuning
possibilities.

INTRODUCTION

In the recent years, a lot of effort has been made to make
the CERN PS injection kicker (KFA45) ready for 2 GeV
LIU beam injection. To assess and validate the required kick
strength, rise and fall time and flat top performance [1, 2],
a detailed feasibility study based on PSpice ® simulations
was launched in 2015 [3]. The proposed modifications were
implemented and preliminary tested during 2016 [4]. As
a drawback of changes, undesired ripples in the pulse and
enlarged rise and fall times were observed during the current measurement campaign in 2017 [5]. The demanding
LIU specification requires a very precise assessment of the
KFA45 performance which cannot only rely on the magnet current measurements and simulations. Thus, a non
invasive technique to retrieve the magnetic kick waveform
during kicker operations has been developed [6]. This indirect measurement technique was firstly tested on the KFA45
and results were recently published [7, 8]. In 2018, the fine
tuning of the pulse generator was done [9] already based
on the conclusions of [7]. In an effort to finally assess the
pulse generator performance and to validate all the previous
work, direct magnetic measurements on the magnet have
been carried out during the early start of the Long Shutdown 2 (LS2). The chosen measurement methodology, the
out coming results and plans for future measurements are
discussed in this paper.

METHODOLOGY

Since the KFA45 itself provides no means for direct field
measurements, a measurement set up consisting of a magnetic field probe and an integrator was deployed in the Proton
Syncroton (PS) ring in January 2019. The magnetic probe,
inserted in the magnet aperture, allows to measure one out
of four magnet modules. The design is based on previous
∗

stripline type models that have been used to assess the performance of several kicker magnets in the past. The estimated
impedance for this design is 75 W, but it was decided to
fully characterize it, both by simulations and measurements,
obtaining 91.5 W. The near end of the probe is connected
to a passive RC integrator via a short pigtail cable of 75 W
(very close to the probe’s nominal impedance). A 100 µs
RC time constant was chosen to minimize the integrated flat
top pulse decay whilst ensuring a good output signal level.
The described measurement layout is shown in Fig. 1, and
the deployed measurement set up in the PS ring is shown
in Fig. 2.

alvaro.ferrero.colomo@cern.ch

Figure 1: Schematic of layout.

Figure 2: Measurement set up a the PS ring.

MEASUREMENTS RESULTS
Two aspects of the pulse were of main interest: the precise
assessment of the rise and fall time values and the quantification of the ripples with respect to the pulsed forming line
(PFL) voltage. Both current and field were acquired simultaneously and statistics were performed in order to evaluate
the measurement uncertainty.
As show in Fig. 3 ripples in the flat top and in the post
pulse are clearly visible in both magnetic and current mea-
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DC TESTING AND PHASE RESOLVED PARTIAL DISCHARGE
MEASUREMENTS OF THE NEW TRIGGER TRANSFORMERS FOR THE
LHC BEAM DUMP KICKERS
T. Stadlbauer, A. Chmielinska, L. Ducimetière, D. Kontelis, T. Kramer, V. Senaj
CERN, Geneva, Switzerland

Abstract
During LS2, the LHC beam dump kicker pulse generators will be subject to a substantial consolidation program.
One major part is the replacement of the existing GTO
stack trigger transformer by a new more performant one.
The transformer is assembled, moulded, and tested inhouse. Part of the validation procedure are standard DC
tests and subsequent discharge monitoring as well as newly
introduced phase resolved partial discharge measurements.
This paper briefly highlights the trigger transformer parameters and construction and outlines in detail the testing and
partial discharge measurements. It concludes with a comparison and analysis of the results of the different measurement techniques.

INTRODUCTION

The LHC Beam Dump System (LBDS) [1] is one of the
most critical systems for reliable and safe operation of the
complete LHC. For each beam, it comprises 15 fast extraction kicker systems (MKD), 15 magnetic septa (MSD), 10
dilution kicker systems (MKB) a dump block (TDE), beam
loss absorbers in front of the septa (TCDS) and the quadrupole Q4 (TCDQ). The fail-safe design must ensure correct LBDS performance also for abnormal operation such
as asynchronous beam dumps or failing dilution. A crucial
point for safe operation of the kicker systems are the MKD
pulse generators. For reliability reasons, those have been
based on semiconductor switches of the GTO thyristor type
instead of usually used thyratron switches. Triggering
those switches, each comprising 10 stacked GTOs, is a critical process hence special efforts have been made to ensure
reliable triggering. Therefore, not only has a double branch
architecture with two parallel GTO switch stacks been chosen for the MKD generators, the required trigger transformer itself has also been designed and assembled inhouse to fully match the GTO trigger requirements for best
triggering performance. The design was driven by optimization for a low stray inductance and high dI/dt capability
[2]. One primary winding consisting of the inner stalk and
is closing via the outer housing. It feeds 10 single turn secondary windings made out of two aluminium half shells
each loaded with a nano-crystaline magnetic core. This assembly is then moulded with silicone for dielectric insulation purposes. In order to guarantee the reliability of the
complete series of 80 trigger transformers intensive testing
is needed and an improved process to assess the insulation
quality has been introduced and is outlined in this paper. It
needs to be highlighted that any unwanted electrical discharge in the trigger transformer can couple into the GTO

stack and even if only present on one secondary, respectively one GTO, can lead to an erratic firing of the switch
and subsequently leading to an asynchronous beam dump
with all its potential consequences [3].

TRIGGER TRANSFORMER TESTING
General Test Procedure
After the mechanical assembly and before the moulding
each transformer (Fig.1) is pulse tested. For these tests a
small pulse generator has been constructed which allows to
easily apply fast pulses with 1.8 kA amplitude to the transformer windings to identify any assembly issues. After
moulding, the trigger transformer is DC high voltage
tested. For the HV tests, all 10 secondary windings are voltage graded by resistors creating equivalent conditions as in
the final installation. Eventual sparking activity is monitored and captured. In case of suspicious behaviour close
to the decision criterion additional HV 50 Hz AC tests have
been proposed.

Figure 1: Trigger transformer partially out of housing and
before moulding.

MEASUREMENTS AND RESULTS
Transformer Secondary Pulse Test
After the mechanical assembly and before the moulding
the primary winding is connected to a 1.8 kA pulse generator and the output current on each of the 10 transformer
secondaries is measured. This early testing stage ensures
that the polarity for each winding is right, no short circuit
exists and also good contact along the circuits is verified
right before the irreversible moulding process. Approx. one
out of 25 units has been found to be corrected showing the
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AUTOMATISATION OF THE SPS ELECTROSTATIC SEPTA
ALIGNMENT
S. Hirlaender† , M.A. Fraser, B. Goddard, V. Kain, J.P. Prieto, L.S. Stoel1 , M. Szakály2 , F.M. Velotti
CERN, Geneva, Switzerland
1 also at Vienna University of Technology, Vienna, Austria
2 also at MTA Wigner RCP, Budapest, Hungary
Abstract
An electrostatic septum (ZS) composed of 5 separate tanks
is used to slow-extract the 400 GeV/c proton beam resonantly
on the third-integer resonance from the CERN Super Proton
Synchrotron (SPS). The septa are all mounted on a single
support structure that can move the ensemble coherently. In
addition, the internal anode and cathode of each tank can be
moved independently. The septum is aligned to the beam
by measuring and minimising the induced beam loss signals
in the extraction region following an alignment procedure
that is usually carried out at the beginning of each year. The
large number of positional degrees of freedom complicates
the procedure and until recently each tank was aligned one
after the other semi-manually, typically requiring 8 h. It is
not uncommon that the septum has to be re-aligned later in
the run taking time away from the physics programme. To
tackle this issue, a simpliﬁed beam dynamics and scattering
simulation routine was developed to permit error studies
with a large number of seeds to be carried out in a reasonable computation time. In this contribution, the simulation
model will be described before the results of its exploitation
to understand the eﬃcacy of alignment procedures based on
diﬀerent optimisation algorithms is discussed and compared
to the present operational procedure. The eﬀort culminated
with the implementation of an automated alignment procedure based on a Powell optimisation algorithm that reduced
the time needed to align the septum by over an order of
magnitude.

INTRODUCTION
The operational alignment of the septa in Long Straight
Section (LSS) 2 of the SPS has improved iteratively over the
last few years as the knowledge and experience of operating
the system with high proton ﬂux has been regained [1]. This
is best illustrated by the improving end-of-year radioactivity
levels along the extraction straight in LSS2, which have improved year-on-year and are now lying back on the historical
trend as a function of total extracted ﬂux [2]. The active
length of the ZS stands at over 16 m and is composed of 5
separate units containing independent septa composed of
wire-arrays strung on anode supports. The upstream and
downstream ends of the anode supports and the girder supporting the ensemble can be moved independently, yielding
a total of 12 degrees of freedom. By ﬁxing the upstream ends
of the girder and anode of the ﬁrst tank, together with the ex†
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traction bump amplitude, the spiral step (transverse extracted
beam size) is kept constant, reducing the dimensionality of
the problem to 10 degrees of freedom. Misalignment between the wire-arrays in each tank leads to an increased
eﬀective septum thickness as seen by the beam; the probability of particles being scattered and lost increases and the
extraction eﬃciency decreases. Obtaining and maintaining
accurate alignment with the beam is crucial for minimising
beam loss and the induced radioactivity of LSS2. Since the
manual procedure is labour intensive, even with the aid of
software applications to carry out the scans, automation of
the procedure was investigated. These studies were motivated by the pressure for physics time that severely limits
the time permitted to optimise the alignment.

THE SIMULATION FRAMEWORK
Particle tracking simulations were carried out to understand and investigate the eﬃcacy of diﬀerent alignment procedures. Simulation packages, such as FLUKA [3] or even
multi-turn tracking simulations with MAD-X coupled to pycollimate [4], demand a level of detail that is computationally
expensive. Given the relatively high dimensionality of the
ZS alignment problem, a simpliﬁed model was established
in order to cut down simulation time to reasonable values
when running large batches of error seeds. To reduce the
simulation time, a ﬁxed particle distribution at the upstream
end of the ZS was pre-computed by MAD-X and then sampled for every misalignment seed tested. Sampled particles
are tracked along LSS2 taking into account misalignments
of the individual wire arrays. Only the last three turns before extraction are simulated, giving a large speed-up in the
simulation time. If a particle hits the wires, it is handed
over to pycollimate to simulate the scattering and interaction
process. Particles that are scattered back to the circulating
side are then tracked around the ring until they are either extracted, absorbed by the ZS in an inelastic nuclear interaction
or lost somewhere on an aperture restriction. The tracking
around the ring is done with a simpliﬁed lattice containing
only linear elements and non-linear thin lens extraction sextupoles. This scheme allows us to reduce the number of
turns the particles are tracked by a factor of ∼ 104 , since the
bulk of the work only has to be done once in generating the
initial distribution in MAD-X. The simulation code returns
the extraction eﬃciency for a given seed and can be found
on Gitlab [5]. It has been made in such a way that diﬀerent
custom or oﬀ-the-shelf optimisers can be easily plugged into
the library.
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THE CERN SPS LOW LEVEL RF UPGRADE PROJECT
G. Hagmann*, P. Baudrenghien, J. D. Betz, J. Egli, G. Kotzian, M. Rizzi,
L. Schmid, A. Spierer, T. Wlostowski, CERN, Geneva, Switzerland
F. J. Galindo Guarch, UPC, Barcelona, Spain
Abstract
The High Luminosity LHC project (HL-LHC) calls for
the doubling of the beam intensity injected from the Super
Proton Synchrotron (SPS). This is not possible with the
present RF system consisting of four 200 MHz cavities. An
upgrade was therefore launched, consisting of the installation of two more cavities during the machine shutdown in
2019-2020 (LS2). Installation of more cavities requires the
installation of extra Low Level RF (LLRF) electronics. The
present LLRF system consists of the original equipment installed in the 1970s, plus some additions dating from the
late 1990s when the SPS was commissioned as LHC injector. The High-Power RF upgrade has motivated a complete
renovation of the LLRF during LS2; use of a MicroTCA
platform, use of a digital deterministic link for synchronization (the so-called White Rabbit), use of an absolute
clock for the processing, new algorithms for reducing the
cavity impedance, and a complete re-design of the beam
control loops and slip-stacking.

OVERVIEW OF THE SPS RF UPGRADE
AS HL-LHC INJECTOR
Motivation
The demanding beam performance requirements of the
High Luminosity LHC (HL-LHC) project translate into a
set of requirements for the SPS as HL-LHC injector which
are not possible with the current RF system:
 Protons [1]: Doubling of the present bunch intensity to
2.3×1011 p+/bunch at extraction to LHC [2], 25 ns
bunch spacing, up to four batches of 72 bunches.
 Lead ions [3]: 2.1×108 ions/bunch extracted to LHC
(2.2×108 achieved in 2018), bunch spacing of 50 ns
(75 ns and 100 ns achieved in 2018 [4]), 48 bunches
accumulated by 12 injections during the 39.6 s long injection plateau, 100 ns bunch spacing at injection reduced to 50 ns by slip stacking [5].
In addition, the need for new electronics to control the
additional two cavities has motivated a complete renovation of the entire LLRF system.

RF Upgrade
The SPS is equipped with two travelling wave cavity
systems, one at 200 MHz [6] and a second at 800 MHz
used as Landau damping cavities. After the upgrade, the
SPS will have two additional 200 MHz cavities by re-arranging the sections of the existing cavities and by using
two spare sections. In total the machine will include four
three-sections cavities (32 cells) and two four-sections cavities (43 cells) at 200 MHz, as shown in Fig. 1.
___________________________________________
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Figure 1: SPS RF systems after LS2.
Shortening the cavities and adding two more RF amplifiers will increase the ratio of total RF voltage to beamloading voltage, thereby improving stability with high intensity proton beam [1]. For ions, the new LLRF will implement the Fixed Frequency Acceleration (FFA) developed in the late nineties [7], with the new momentum slip
stacking gymnastic [5]. The 800 MHz RF system (two cavities) was upgraded during the 2013-2014 shutdown with
two new power plants and LLRF systems implemented on
a VME platform.

THE LOW-LEVEL RF UPGRADE
New Functionalities
For protons, to cope with twice the present day beam intensity, the LLRF upgrade must improve the compensation
of beam loading in order to reduce the cavity impedance at
the fundamental and prevent longitudinal coupled-bunch
instabilities that are presently limiting the bunch intensity
at 1.4×1011 p/bunch [1]. The classic RF feedback is not an
option in the SPS because the amplifiers are installed at the
surface resulting in a long loop delay (> 2 s) limiting the
feedback bandwidth to less than one revolution frequency
(43 kHz). A One-Turn Delay Feedback (OTFB) was therefore installed in 1985 and upgraded since to reduce the
beam-induced voltage at the fundamental �RF and on the
revolution frequency sidebands � ev [8-10]. To counteract coupled-bunch instabilities the feedback must have
gain on the synchrotron sidebands (� of the revolution
frequency lines (m=1 for dipole mode):
�RF ± � ∙ � ev ± � ∙ � ,

(1)

To achieve this performance, the OTFB will be implemented with a triple comb filter tracking the revolution frequency lines plus the two synchrotron sidebands (m=1) as
explained below.
For ions, the LLRF must implement the momentum slipstacking to increase the number of ion bunches for LHC
beams. The SPS injection chain cannot produce 50 ns
bunch spacing. In order to create this bunch spacing in the
SPS at extraction, two batches are injected with 100 ns
bunch spacing at two azimuthal positions.
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DETAILED ANALYSIS OF THE BASELINE DOSE LEVELS AND
LOCALIZED RADIATION SPIKES IN THE ARC SECTIONS
OF THE LARGE HADRON COLLIDER DURING RUN 2
Kacper Biłko∗ , Markus Brugger, Rubén García Alía, Fiona Harden† , Yacine Kadi, Oliver Stein
CERN, Geneva, Switzerland
Abstract
The Large Hadron Collider (LHC) has eight insertion regions (IRs) which house the large experiments or accelerator
equipment. These IRs are interconnected with the arc sections consisting of a periodic magnet structure. During the
operation of the LHC small amounts of the beam particles
are lost, creating prompt radiation ﬁelds in the accelerator
tunnels and the adjacent caverns. One of the main loss mechanisms in the LHC arc sections is the interaction of the beam
particles with the residual gas molecules. The analysis of
the dose levels based on the beam loss measurement data
shows that the majority of the measurements have similar
levels, which allow to deﬁne baseline values for each arc
section. The baseline levels decreased during the years 2015,
2016 and stabilised in 2017 and 2018 at annual dose levels
below 50 mGy, which can be correlated with the residual
gas densities in the LHC arcs. In some location of the arcs
radiation spikes exceed the base line by more than two orders
of magnitude. In addition to the analysis of these dose levels
a novel approach of identifying local dose maxima and the
main driving mechanisms creating these radiation spikes
will be presented.

INTRODUCTION
The Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) is a circular collider
with a total circumference of almost 27 km, where two coplanar particle beams are accelerated and, in the centres of the
four large experiments (ALTAS, ALICE, CMS and LHCb),
collided [1]. Its operation leads to small but continuous
beam losses, that result in mixed ﬁeld radiation. Therefore,
electronic equipment located close to the accelerator might
be aﬀected through both single event eﬀects (SEEs) and
cumulative eﬀects, i.e. displacement damages and Total Ionising Dose (TID). Consequently, the equipment failures may
induce the interruption of the LHC operation, thus decreasing overall accelerator performance.

LHC Layout
The experiments are located in the 4 Long Straight Sections (LSSs). In total LHC contains 8 LSSs, where remaining 4 constitute essential accelerator systems (collimators,
radio-frequency cavities or beam dump). The LSS are enclosed by Dispersion Suppressor (DS) sections. Together
they form the Insertion Regions (IRs). The IRs are intercon∗
†
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nected with the arc sections where the magnets are periodically arranged and the beam is being bent and focused. In the
LHC it is accomplished using a FODO structure consisting
of focusing quadrupole magnet followed by three bending
dipole magnets, defocusing quadrupole and another three
bending magnets. A schematic structure is illustrated in
Fig. 1.
The LHC is organized in small subsections that are called
half-cells. The arc section starts in the 12th half-cell of an
IR and ends in the 12th half-cell of the next IR [2], e.g. arc
45 spans between two DSs: the right of IR 4 and the left of
IR 5. An arc half-cell contains the half of the FODO cell.

Main Beam Loss Mechanisms
Various beam loss mechanisms are present during the
beam’s circulation in the LHC. With the focus on the continuous losses, the major expected one can be determined,
depending on the location in the accelerator. In the experimental IRs collision debris is produced as a result of particle
interactions. It has strong forward momentum, resulting
in high radiation levels downstream of the experiments [3].
These losses scale with the luminosity of the nearby experiment. In order to protect the machine from deviating
particles, dedicated collimation regions are inserted to stop
the particles which exceed the acceptance of the LHC. Particles with too large betatron oscillations are stopped in IR7
and particles with a too large energy deviation are stopped
in IR3. The analysis showed that under the same operational
conditions, these losses scale with the integrated beams intensity. This paper focuses on the arc sectors, where the
dominating expected beam loss mechanism is the scattering of the beam on residual gas molecules in the vacuum
chamber. With the same operational conditions these losses
scale with the residual gas density, which is considered to be
constant along the arc section, and integrated beam intensity.

TID Monitoring in the LHC
The beam loss monitoring system was developed at CERN
to prevent the damages of accelerator components and magnet quenches. It consists of more than 3600 Beam Loss Monitors (BLMs), i.e. ionisation chambers ﬁlled with nitrogen
gas, distributed around the LHC in the critical locations [4].
Thanks to the exact calibration of the BLMs, through the dedicated processing [5], this system can be additionally used
for TID measurements. In the arc sections the installation
pattern of the BLMs reﬂects the periodic magnet arrange-
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RUN 2 PROMPT DOSE DISTRIBUTION AND EVOLUTION AT THE
LARGE HADRON COLLIDER AND IMPLICATIONS FOR FUTURE
ACCELERATOR OPERATION
O.Stein∗ , K. Bilko, M. Brugger, R. García Alía, F. Harden† , Y. Kadi, A. Lechner, G. Lerner
CERN, Geneva, Switzerland
Abstract
During the operation of the Large Hadron Collider (LHC)
small fractions of beam particles are lost, creating prompt
radiation ﬁelds in the accelerator tunnels. Exposed electronics and accelerator components show lifetime degradation
and stochastic Single Event Eﬀects (SEEs) which can lead to
faults and downtime of the LHC. Close to the experiments
the radiation levels scale nicely with the integrated luminosity since the luminosity debris is the major contributor
for creating the radiation ﬁelds in this area of the LHC. In
the collimation regions it was expected that the radiation
ﬁelds scale with the integrated beam intensities since the
beams are continuously cleaned from particles which exceed
the accelerator’s acceptance. The analysis of radiation data
shows that the dose measurements in the collimation regions
normalised with the integrated beam intensities for 2016 and
2017 are comparable. Against expectations, the intensity
normalised radiation datasets of 2018 in these regions diﬀer
signiﬁcantly from the previous years. Especially in the betatron collimation region the radiation levels are up to a factor
3 higher. The radiation levels in the collimation regions correlate with the levelling of beta-star and the crossing angle in
the high luminosity experiments ATLAS and CMS. These
increased normalised doses have direct implications on the
expected dose levels during future LHC operation, including
the High-Luminosity LHC (HL-LHC) upgrade.

THE LHC RADIATION ENVIRONMENT
The LHC is a 26.7 km long circular particle accelerator
that contains eight Insertion Regions (IR). These IRs are
interconnected by the arc sections which are composed of a
regular FODO layout enclosed by dispersion suppressors at
the beginning and at the end. In the LHC two proton or ion
beams are stored at energies up to 7 TeV for protons and up
to 6.3×Z TeV for ions, and circulate in opposite directions.
The beams are brought into collisions in four IRs which host
the four large experiments, ATLAS (IR1), ALICE (IR2),
CMS (IR5) and LHCb (IR8). In IR3 and IR7 dedicated
collimation systems are installed to intercept particles which
exceed the dynamic aperture of the accelerator. IR4 houses
the RF-system with the cavities for accelerating the particles.
In IR6 the beam dumping system is installed.
During the accelerator operation small fractions of the
stored particles are lost. The continuous losses result in
mixed radiation ﬁelds whose properties strongly depend on
∗
†
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the position along the accelerator. Three major mechanisms
can be identiﬁed causing continuous losses. The majority
of particles are lost due to the particle collisions in the experiments, luminosity burn-oﬀ, creating localised radiation
levels in the regions of experiments exceeding annual doses
of 160 kGys [1]. Dose levels in these regions strongly correlate with the integrated luminosity, which is a direct measure
of the particle collision yield. The second largest contributor
are the losses in the collimation regions in IR3 and IR7 from
particles which exceed the dynamic aperture, resulting in
annual dose levels of 70 kGy in IR7 and 1.6 kGy in IR3.
The third mechanism are losses from beam interactions
with the residual gas in the accelerator causing annual radiation levels all around the accelerator below 100 mGy [2]. In
this paper the focus is on the total ionising dose (TID) levels
in the betatron collimation region in IR7.

Impact of Mixed Radiation Fields on the Accelerator Performance
The mixed radiation ﬁelds can impact the machine operation by inducing magnet quenches or by causing damage to
materials and electronic equipment. A ﬁrst class of errors
induced on the electronic systems is related to their lifetime
degradation, which depends on the TID accumulated by the
devices or, alternatively, on the Displacement Damage (DD)
produced by nuclear interactions in sensitive materials. In
parallel, stochastic Single Event Eﬀects (SEEs) can be induced proportionally to the ﬂuence of High Energy Hadrons
(HEH) or thermal neutrons, aﬀecting the availability of critical electronic systems during the LHC operation.

MONITORING THE RADIATION FIELDS
In order to monitor the impact of the losses on the sensitive equipment, it is essential to measure the radiation
environment in all the relevant areas of the LHC machine.
The TID can be retrieved from the LHC beam loss monitoring system consisting of more than 3500 beam loss monitors distributed along the LHC tunnel, which are ionisation
chambers ﬁlled with nitrogen gas [3].
A dedicated software framework is employed to calculate
the TID levels measured by the BLM system in the LHC
tunnel. The time-integrated TID from every BLM detector
is calculated individually for every beam present interval, i.e.
time interval during which at least one beam is circulating
in the LHC. The ﬁnal uncertainty on the dose calculations
is about 10% resulting from the propagated uncertainties of
the readout electronics and the BLM calibration factor.
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HIRADMAT: A FACILITY BEYOND THE REALMS OF MATERIALS
TESTING
F. J. Harden∗, A. Bouvard, N. Charitonidis, Y. Kadi
CERN, EN-EA, 1211 Geneva 23, Switzerland
on behalf of the HiRadMat experiments and facility support teams

Abstract

The ever-expanding requirements of high-power targets
and accelerator equipment has highlighted the need for facilities capable of accommodating experiments with a diverse range of objectives. HiRadMat, a High Radiation to
Materials testing facility at CERN has, throughout operation, established itself as a global user facility capable of
going beyond its initial design goals. Pulsed high energy,
high intensity, proton beams have been delivered to experiments ranging from materials testing, detector’s prototype
validation, radiation to electronics assessment and beam
instrumentation. A 440 GeV/c proton beam is provided directly from the CERN SPS. Up to 288 bunches/pulse at a
maximum pulse intensity of 3.5 × 1013 protons/pulse can
be delivered. Through collaborative efforts, HiRadMat has
developed into a state-of-the-art facility with improved in
situ measurement routines, beam diagnostic systems and
data acquisition techniques, offered to all users. This contribution summarises the recent experimental achievements,
highlights previous facility enhancements and discusses potential future upgrades with particular focus on HiRadMat
as a facility open to novel experiments.

INTRODUCTION

Establishing an irradiation facility capable of researching
high-energy, high-power proton (or ion) beam effects on
materials was envisaged as part of the LHC Collimation
Project [1]. The initial mandate was the construction of a
facility capable of investigating damage thresholds of accelerator machine components, as well as creating a facility
that had global outreach to researchers investigating beaminduced thermal shock waves. Since its commissioning in
2011 the facility has a proven track record of providing research capabilities to a range of R&D concepts, including
accelerator component devices [2], beam monitoring and
diagnostic systems [3, 4], proton beam induced effects [5, 6]
and materials investigations [7–9]. Details on the design
phases, commissioning and first years of operation (2012–
2016) have already been reported [10–12].

HIRADMAT FACILITY OVERVIEW

Comprehensive details of the facility layout have been
reported elsewhere [13]. In brief, HiRadMat is located in
the former West Area Neutrino Facility (WANF) tunnel,
approximately 35 m underground, and can receive proton
(and equivalent ion) beams similar to those delivered to the
∗
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Transfer Injection Line of the LHC (specifically TI2) from
the Super Proton Synchrotron (SPS). Figure 1 highlights the
location of the HiRadMat facility within the CERN accelerator complex and Figure 2 is a schematic of the HiRadMat
injection line, where the experimental area (TNC) and the adjacent tunnel for shielded electronic/readout systems (TT61)
are shown.

Figure 1: The location of HiRadMat in the CERN Accelerator Complex is highlighted in red [14].
HiRadMat was designed to receive up to 1.7 × 1011 protons/bunch (i.e. a maximum pulse intensity of approximately
4.9 × 1013 protons) [13]. Since operation, this maximum
has not been achievable due to hardware limitations in the
SPS accelerator. However, after the CERN Long Shutdown
(LS2), from 2019-2020, the HiRadMat design maximum
should be obtainable.
Presently, due to the infrastructure of the beam line, HiRadMat is not suitable for High Luminosity LHC (HL-LHC)
type beams due to the type of beam dump and beam windows installed. If, however, there was sufficient interest in
testing HiRadMat experiments at these HL-LHC type beams
a feasibility study to upgrade would be completed.
Table 1 highlights the parameters used during the current
HiRadMat runs (2017-2018). A cap of 1.0×1016 protons per
year delivered to the facility has been imposed for two reasons; firstly, to keep the accumulated dose in the facility to
a reasonable level and secondly, to normalise the beam time
amongst users of the facility to an average of 1.0 × 1015 protons per experiment. It is important to note that HiRadMat
is not an irradiation facility where large doses on equipment
can be accumulated.
MC7: Accelerator Technology
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DESIGN & OPTIMIZATION OF THE ALIGNMENT SUPPORTS FOR THE
NEW LAMINATED MAGNETS FOR THE CERN EAST AREA
CONSOLIDATION PROJECT
R. Vanhoutte†, S. Evrard, E. Harrouch, M. Lazzaroni, M. Lino Diogo dos Santos, D.E. Nogtikov,
J. Renedo Anglada, D. Brethoux, A. Ebn Rahmoun, F.J. Harden, R. Lopez
CERN, 1211 Geneva 23, Switzerland

Abstract
The East Area is one of CERNs experimental area, running since its foundation in 1958. Extracting a 24GeV proton beam from the Proton Synchrotron accelerator, the primary beam is divided into different secondary beams, serving various experiments and user’s facilities such as
CLOUD, CHARM, IRRAD.
Due to improved optics and an energy saving scheme,
the facility will go under a renovation [1] between 2019
and 2020, including the replacement of the magnets with
new laminated ones to allow a cycled powering scheme.
Those magnets need improved supports, and in some cases
even a new design, to optimize the alignment operations in
those areas. This article will mainly address the different
proposed solutions for plug-in supports as well as for conventional ones.

INTRODUCTION

Current Alignment in the East Area
Built in 1958, the East Area still has some of its components just as old. Among those, most supports used for the
alignment have not been modified since, or barely. In some
cases, the alignment device is old but still operational, thus
only need a refurbishment. In other cases, the support has
to either be adapted or fully designed, according to the geometry of the laminated magnet. One recurring issue in the
facility is the variety of alignment types used for a same
magnet family.

Figure1:NewEastArealayout
Figure 1: New East Area layout.

___________________________________________

With the current layout, the operators tend to spend
too much time in the most activated area of the East Hall:
the Primary Area. Although its disposition will change for
the renovation, its radiation level perceived will still be
over 50µSv/h. The alignment is made once the magnet is
fixed to its support, and only then the hydraulic & electrical
circuits can be manually connected. All of those operations
are highly time-consuming and optimized as outlined in the
following sections, increasing also exposure to radiation.
For illustration, the beam lines are divided into two main
sections: the Primary Area (red) & the others (blue) in
Fig. 1.

PRIMARY AREA: PLUG-IN SUPPORTS
The Primary Area hosts the beam lines extracted from
the PS accelerator. The main 24GeV beam is impinging on
production targets, dividing the beam into three secondary
beams T9, T10, T11 respectively of a maximum energy of
15GeV, 7GeV, 3.5GeV. At the same time, the T8 line conserves the Primary beam at 24GeV. Particle production at
the target stations and losses along the beamline create particle showers activating surrounding materials and requiring the area to comply with radiation protection constraints.
Optimizing the latter, the new layout targets a reduction
of the required number of operations in the area and of the
time spent for any of those interventions.
The concept developed for those types of requirements
is based on the plug-in philosophy, already used at CERN
in the past for different applications. The system consists
of a pre-aligned base support, where the laminated magnets
can be laid on by the means of a guiding system for the
crane operator, and ﬁxed in its position on top of plug-in
feet.
Once that the magnet is loaded on its pre-aligned support, its magnetic centre would theoretically match with a
precision of 0.2mm with the beam calculated for the optics.
This of course, will be veriﬁed by quick but required survey measurements, to confirm the expected alignment. Ideally, no additional adjustment is necessary afterwards.
Ultimately, this application can further improve the previous situation by allowing for (semi-) remote handling
and installation of the magnets. It will further decrease
time spent in alignment operations.
Figure 2 shows the various types of laminated magnets
used in the area, according to their speciﬁc role on the lines:
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STUDY OF THE ENERGY SAVINGS RESULTING FROM THE EAST AREA
RENOVATION
B. LM. Lamaille†, F. Dragoni, S. Evrard, F.J. Harden, E. Harrouch, M. Lazzaroni, R. Lopez,
K.D. Papastergiou, CERN, Geneva, Switzerland
Abstract
CERN’s East Experimental Area, situated on the Swiss
side of the Meyrin site, with its four beamlines, has served
physics for more than 40 years. As the building and equipment are reaching their end of life, a thorough consolidation project has been initiated in order to provide many
more years of reliable operation. This article addresses the
different proposed solutions to reduce significantly the energy consumption of the East Area. It outlines the methodology applied to estimate as precisely as possible the future
attained energy savings, which will result in an estimated
reduction of approximately 80% in electricity usage (from
11 GWh to 2 GWh per year) and of approximately 65% in
gas usage for heating purpose (from 3 GWh to 1 GWh per
year).

INTRODUCTION
The East Area, with its main 4600 m2 hall housing the
beam lines [1] (T8/Irradiation facilities, T9, T10 and
T11/CLOUD) as shown inFig.1, located next to the Proton
Synchrotron PS accelerator, consumed 11 GWh in electricity in 2017. Even though this is only a small percentage (r
1%) of CERN’s total electricity consumption, the experimental area has a high potential in energy savings.
The renovation project has the main objectives to provide a reliable working environment to the different users
of the experimental area, which has not been the case for
the last years. CERN’s energy policy puts a high priority
on energy efficiency for present and future projects. Already during the project study and preparation phase, the
main energy consumers were identified as the magnet
power supply chain (illustrated in Fig.2), composed of the

magnets, cables, power converters and transformers, the air
ventilation and the water-cooling systems.

THE MAGNET POWER SUPPLY CHAIN
The most substantial change induced by the renovation
in terms of energy will be the modification of the powering
mode of the magnets. The new power converters, called the
SIRIUS, which have been conceived at CERN by the Electrical Power Converters Group, will be able to operate the
new laminated magnets in cycled mode. Equipped with capacitor banks, the SIRIUS converters will also be able to
recover temporarily the inductive energy stored in the magnetic field of the magnetic components as shown in Fig.2.
Those recovering units reduce the RMS current requirements of equipment up-stream the electrical supply network and eliminate the voltage fluctuation of the CERN
general electric grid, thus simplifying it and decreasing the
losses within.
Today the magnets are turned on at the start of the physics’ run and, if no major issue compels it, are never turned
off, even when no beams are extracted towards the East
Area. Bearing in mind that the beamlines, today, count 54

Figure 1: Overview of the magnet power supply chain.

Figure 2: Layout of the Experimental area (Building 157) after renovation.
____________________________________________
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OPTIMIZING THE RELIABILITY OF THE FIRE ALARM SYSTEM IN THE
TAIWAN PHOTON SOURCE
W. S. Chan†, F. D. Chang, C. S. Chen, Y. F. Chiu, J. C. Liu, Z. D. Tsai, National Synchrotron Radiation Research Center (NSRRC), Hsinchu 30076, Taiwan

Abstract
The fire alarm system plays a critical role for the safety
of building occupants. However, in the past two years from
2016 to 2017, occasionally false alarms at the Taiwan Photon Source (TPS) occurred. Results of more detailed observations indicated that radiation and/or electromagnetic interference (EMI) of the TPS accelerator disturb smoke detectors and signal line circuits (SLCs). Lead shielding covers, adjusting of the detector alarm verification time and
a laser-based aspirating smoke detector were used to reduce the probability that fire alarms become activated to
less than 0.5 times per year.

of alarm point and its location within the protected
premises.
 All system output programs shall be executed and associated system reactions (e.g. emergency broadcasting, smoke exhaust system, closing of fire doors…)
shall be activated.

INTRODUCTION

A fire alarm system has been installed in the TPS including the automatic fire alarm, the manual alarm and the
emergency broadcasting subsystems. Photoelectrical topical type smoke detectors are the major components of the
automatic fire alarm subsystem and are installed for every
75 m2 of effective room detecting areas, every 30 m of
waking distance in aisles and passages or every 15 m of
vertical distance in stairways. Photoelectrical separated
type detectors are installed in the experimental hall of the
TPS. The optical axis of a photoelectrical separated type
detector is about 28 m and above the height more than 80%
of the space between ceiling and floor plate. The distance
between the optical axes of photoelectrical detectors is
about 6.8 m.
A fire alarm control panel (FACP) was designed for the
large-scale TPS automatic fire alarm subsystem. With
seven SLCs, the FACP supports 918 intelligent addressable
fire detectors and 661 monitor or control modules. A
twisted-shielded pair of 1.25 mm² cable is used for each
SLC wiring in a metal conduit and the maximum distance
unsusceptible to electrical interference is about 1500 m [1].
The capacitance of any SLC wiring (both between conductors and from any conductor to earth) does not exceed 0.5
μF and the resistance is less than 50 Ω. The TPS automatic
fire alarm subsystem diagram includes SLCs as indicated
in Fig. 1. The maximum number of SLCs could be expanded to ten in each FACP.
When a fire alarm signal is detected or a manual fire
alarm station is pulled, the following functions of the automatic fire alarm subsystem are activated:
 The alarm LED shall flash and a local piezo-electric
signal in the FACP shall sound.
 The LCD display in the FACP and graphical interface
control workstation shall include all information associated with the fire alarm situation, including the type
___________________________________________
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Figure 1: TPS automatic fire alarm subsystem diagram.

TPS FIRE ALARM SYSTEM OPERATION
System Description
The TPS building is divided into three zones: (1) experimental hall including beamline hutches, laboratories and
utility area (zone A); (2) shielded tunnels containing linac,
booster and storage ring (zone B); (3) the core area including control instrumentation areas (CIA), radio frequency
(RF) modules, laboratories and utility area (zone C), as illustrated in Fig. 2.

Figure 2: Perspective drawing for the first floor of the TPS
[2].
The distribution of the SLCs for the TPS is listed in Table
1. The protection area of SLC 1 is just for office and stock
regions, but we do not discuss those in this article.
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LABORATORY EXHAUST GAS TREATMENT SYSTEMS AT TPS
J. C. Chang†, W. S. Chan, Z. D. Tsai
National Synchrotron Radiation Research Center, Hsinchu, Taiwan, ROC
Abstract
There are three main laboratory exhaust gas treatment
systems equipped at Taiwan Photon Source (TPS): 1.
Acid/Alkaline system for corrosive acids and alkalis,
volatile solvents and other hazardous chemicals; 2. Organic system for biological experiments and 3.General
system for other gas. Gas is collected in hoods installed
near the sources of contamination in laboratories. The
contaminated gas then is transported through duct to the
gas treatment equipment installed outside of the TPS
experimental hall.

INTRODUCTION
There are two synchrotron accelerators i.e., Taiwan
Light Source (TLS) and Taiwan Photon Source (TPS) in
NSRRC, Taiwan. Based on the operation experience of
TLS utility system and utility system design of other
international advanced accelerators, the utility system of
TPS had been designed and constructed [1].
Both TLS and TPS accelerators are equipped with laboratory exhaust gas treatment systems. There is only one
General laboratory exhaust gas treatment system installed
in the TLS, the first third-generation synchrotron light
source facility built in Asia more than three decades ago.
The laboratory exhaust gas treatment system of TLS is
equipped with active carbon filter.
To meet increasing demand for more state-of-the-art
academic researches, the TPS, one of the world’s current
brightest synchrotrons, had been completed and the first
synchrotron light was delivered on the last day of 2014.
Four of seven beamlines of phase-I were opened to users
in September 2016, and nine phase-II beamlines are in
planning or under construction at this time.
In recent years, due to the rise of environmental awareness and the people's increasing requirements for quality
of life, the environmental protection law of air pollution
has been gradually transferred from early air pollutants
such as particulate pollutants, SOX and NOX to volatile
organic compounds, VOCs. Accordingly, only one laboratory exhaust gas treatment system could not satisfy users’
requirements in TPS. The laboratory exhaust gas treatment systems in TPS include Acid/Alkaline, Organic and
General system.
This paper is aimed to introduce the laboratory exhaust
gas treatment systems in TPS.

id/Alkaline and Organic systems were completed in 2018.
The main ducts of three laboratory exhaust gas treatment systems had been installed in the TPS ring building
along the outer area ring.

Apparatus
All three laboratory exhaust gas treatment systems are
equipped with two fans for redundancy. All six fans are
installed on the roof of the TPS ring building. To keep
from gas exhausted from fans re-entering the building and
impacting the maintenance staff or pedestrians, taller
stacks, higher volume flows and/or optimum were installed on the roof [2].
Four fans of the Acid/Alkaline and Organic systems
were selected Green-heck company model: Vektor-MD22-9-70-LV-HPW. This kind of fan for high plume dilution is designed to entrain ambient air to assist in the
dilution of contaminated laboratory exhaust. The capacity
of a single fan is 4,719 L/s. The effective plume high is
9.85m, which is calculated based on ASHRAE 2015 Applications Handbook [3]. Other specifications of the fan
are listed in Table 1.
Table 1: Specifications of Fans of Acid/Alkaline and
Organic Systems
SP (Pa)
2287.4

RPM
2557

Discharge
15.2 m/s

Dilution
170%

Power
17.03kW

Figure 1 shows four fans of the Acid/Alkaline and Organic systems. The high velocity nozzle installed on top
of each fan, as shown in the figure, is the key component
to entrain ambient air to dilute laboratory exhaust.

DESIGN AND CONSTRUCTION
According to the construction schedule of beamlines
and laboratories, all the construction of laboratory exhaust
gas treatment systems of the TPS have been completed.
The General system was accomplished in 2016; the Ac-

Figure 1: Four fans of the Acid/Alkaline and Organic
systems.

___________________________________________
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APPLICATION PROGRAMS FOR TPS BEAM TRIP ANALYSIS
B. Y. Chen, T. Y. Lee, C. H. Kuo, W. Y. Lin, Ting-Wei Hsu, Bin-Yuan Huang, C. S. Huang
National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan

Abstract

For the Taiwan Photon Source (TPS), the orbit interlock
system is one of the most important machine protection
systems. It is the fastest and the most preferred system to
detect abnormalities to prevent possible damages caused
by magnet power supply failures or subsystems failures. In
order to monitor electron orbit changes during a beam trip,
we developed the “orbit monitoring and recording tool”,
the “TBT BPM analysis tool“ and the “magnet power supply recording and analysis tool” to assist us in the failure
analysis as will be discussed in this paper.

INTRODUCTION

During storage-ring (SR) operation, electron orbit
changes have a direct impact on user experiments. A large
change of the beam position may cause negative effects
such as insertion device (ID) damage, vacuum chamber
heating, unpredictable radiation dose distribution, etc.
Therefore, a fast-orbit feedback system (FOFB) [1] for orbit correction and a machine protection system (MPS) [2]
are very important. The MPS controls the orbit interlock
system for beam position monitors (BPM) to monitor beam
positions within protected ranges. We need to know the difference between beam positions and protected ranges as
well as a record of the BPM orbit evolution to allow a beam
trip analysis. The sources of orbit vibrations are mostly dipoles, quadrupoles, sextupoles, corrector magnets and associated power supplies. A single power supply failure can
cause orbital variations and even beam loss. The existing
data archive system [3] continuously saves magnet information and if there exists a record-analysis tool, the time
to find the problem can be greatly minimized. In this report,
we discuss a record-analysis tool for beam orbit and magnet power supplies.

program to monitor the SR orbits shown in Fig. 1. The orbit
data are obtained from BPM fast data (FA) at 10 kHz in
form of minimum and maximum amplitudes. When the orbit reaches a security protection limit, the MPS initiates an
immediate SRF shut down and the electron beam will be
lost (beam trip). At the same time, the program will automatically access the database to download turn-by-turn
(TBT) BPM data and save it as a text file to help in the
analysis of the beam trip. The downloaded TBT BPM Data
are the BPMx and BPMy values, which are recorded during the first 9499 turns and recording while the current is
decaying to zero within the next 500 turns for a total of
10,000 turns.The sampling rate of the TBT BPM data is
578 kHz, and the total recording time is 17.3 ms. In order
to observe the BPM interlock or all BPM changes before
the orbit interlock is triggered, we developed a MATLAB
based GUI program to analyse the TBT BPM data, as
shown in Fig. 2. The program can show during which turn
the security protection setting was triggered and can automatically calculate into which direction the beam was
moving. The program provides orbit tracking even after a
beam trip and calculates to deviation to the reference orbit
(e.g.: deduct the first turn). The program functions to observe the behaviour of the SR orbit can help us to analyse
an abnormal position of the whole orbit.

Figure 1: Orbit interlock monitoring and recording tool.

ORBIT MONITORING AND ANALYSIS
PROGRAM

The SR has a circumference of 518.4m and is divided
into 24 cells [4] with 7~8 BPMs per cell to record the horizontal (BPMx) and vertical (BPMy) orbit. If the BPMx
and BPMy values are positive, they are displayed outside
or above the SR centerline and conversely, negative BPMx
and BPMy values indicate an orbit position inside or below
the SR centreline. Presently, twenty BPMs are included in
the orbit interlock system and are located up- and downstream of IDs as well as on either side of upstream dipoles
nearest the IDs. For the BPM interlock protected ranges,
the horizontal orbit variation is limited to 2 mm from the
SR centerline and the vertical limits to within 0.2 mm from
the SR mid-plane. In order to distinguish between the orbital position and security protection settings during injection and decay mode, we developed a MATLAB based GUI
THPRB091
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Figure 2: TBT BPM analysis tool for beam trips.

MAGNET POWER SUPPLY RECORD AND
ANALYSIS PROGRAM
During SR operation, the dipole magnets, quadrupoles,
sextuples and corrector magnets need to be stable to keep
the electrons close to the storage ring centerline. The magnet stability can be diagnosed by monitoring the magnet
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REDUCTION OF BEAM INDUCED RF-HEATING IN THE HORIZONTAL
STRIPLINE KICKER AT THE TPS
P. J. Chou†, C.K. Chan, C.C. Chang, K.T. Hsu, K.H. Hu, C.K. Kuan and I.C. Sheng
National Synchrotron Radiation Research Center, Hsinchu, Taiwan
Abstract
In preparation for 500 mA operation at the Taiwan Photon Source (TPS), we redesigned the horizontal stripline
kicker for the beam feedback system to gain a smaller
loss factor with higher shunt impedance. We introduced
ground fenders (see Fig. 1) to this new design which
resulted in the reduction of the loss factor and substantial
increase of the kicker shunt impedance. The transverse
profile of the kicker electrodes was matched to the racetrack beam pipe in the straight sections to minimize
broadband impedance. The ground fenders can reduce the
leakage of image currents through the gaps between the
two strip line electrodes and also help to achieve a better
impedance matching for the TEM modes in the transmission lines formed by the stripline electrodes and beam
pipe in the kicker. The RF design and analysis of trapped
resonant modes in the kicker were simulated by the 3-D
electromagnetic code GdfidL [1]. Results of the RF design and analysis of trapped resonant modes will be discussed together with analytical estimates of coupled
bunch instabilities at a beam current of 500 mA.

This is a preprint — the final version is published with IOP

INTRODUCTION
The Atomic Energy Council of Taiwan approved in
March 2019 the license to operate the TPS at a beam
current of 500 mA. In preparation for this high beam
current, we redesigned the horizontal stripline kicker to
reduce beam induced RF-heating and increase the kicker
shunt impedance. The horizontal stripline kicker presently
in use was installed in January 2017 [2]. In the proposed
redesign, we matched the transverse stripline electrode
profile to the racetrack beam pipe in the straight sections
to minimize broadband impedance. To improve the impedance matching of stripline kicker TEM modes, we
introduced ground fenders [3] to reduce the difference
between the characteristic impedances of even and odd
modes. The ground fenders also help to reduce the leakage of image currents through gaps between the two electrodes. As a result, the loss factor is reduced by 20.6 %
and the kicker shunt impedance is increased by a factor of
2.38 compared to the kicker presently in use. The trapped
resonant modes in the kicker module were simulated with
the 3-D electromagnetic code GdfidL [1] while the
growth time of coupled bunch instabilities driven by these
modes was estimated analytically for both the longitudinal and transverse directions and a maximum beam current of 500 mA. The analysis shows that we can avoid
coupled bunch instabilities if we operate the storage ring
with vertical chromaticities larger than two.
___________________________________________
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RF DESIGN OF STRIPLINE KICKERS
The mechanical design of the proposed horizontal
stripline kicker is shown in Fig. 1. The vertical electrode
gaps are reduced from 30 mm to 20 mm and ground fenders are attached to the circular housing duct of the kicker
module. Vacuum feedthroughs of type 7/8 EIA and manufactured by Kyocera 7/8 EIA vacuum feedthroughs made
by Kyocera are used. The same design concept for the end
plates in the kicker presently installed is applied to minimize the loss factor. The detailed design of end plates
projected to the x-z plane is shown in Fig. 2.

Figure 1: The mechanical design of the proposed horizontal kicker. Ground fenders are introduced to improve the
impedance matching of TEM modes and reduce the loss
factor as well.

Figure 2: The detailed design of end plates projected to
the x-z plane.

Impedance Matching
When a transverse beam feedback system is in operation, there are two TEM modes present in the kicker
module. One is the odd mode excited by the driving voltages of feedback system at two downstream ports. Another is the even mode excited by the particle beams. For
maximum transmission efficiency of the driving voltage,
we need to match the input impedance as seen at each
driving port, to the terminating line impedance Z0 (typically 50 ). To minimize damage to the RF amplifiers
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RF DATA ACQUISITION AND SOFT ALARM SYSTEM FOR THE TAIWAN
PHOTON SOURCE
Z.-K. Liu †, F.-Y. Chang, L.-H. Chang, M.-H. Chang, S.-W. Chang, L.-J. Chen, F.-T. Chung,
Y.-T. Li, M.-C. Lin, C.-H. Lo, C. Wang, M.-S. Yeh and T.-C. Yu, NSRRC, Hsinchu, Taiwan
Abstract
The Taiwan Photon Source (TPS) is a modern, high
brightness 3 GeV light source. A data acquisition program
for the radio frequency (RF) system, including a transient
data recorder, a long term data archiver and real time data
monitoring, has been developed for the analysis of RF trips
and RF system debugging. A soft alarm system is implemented as well utilizing EPICS and python packages. The
hardware architecture and the functionality of the RF data
acquisition and soft alarm system will be discussed in this
article.

match. Four digitizers are used for the EPICS IOC to collect historic data at a slow sampling rate of up to 1 kHz and
one digitizer is used for the transient recorder with a
sampling rate of up to 250 kHz.

This is a preprint — the final version is published with IOP

INTRODUCTION
The Taiwan Photon Source (TPS) at the NSRRC is a
third generation light source operating at 3 GeV electron
energy. In order to provide high quality light for users, the
reliability of the RF system is of great importance. The data
acquisition (DAQ) systems, including post-mortem system, long term data archiver and real time data monitoring,
are powerful tools for beam trip analysis and system debugging. Transient data recorder, archive viewer, and trend
plots are the three main application programs that can be
used to analyse weak points of the RF system and thus improve the reliability of the TPS [1, 2].
A soft alarm chatbot system, based on LINE's Message
API [3], is implemented to inform personnel of abnormal
operating conditions. This system can prevent RF trips
caused by the gradual change of operating parameters, such
as the temperature of cooling units, water flow rate, etc.
For convenience, notification and query functions are included in this chatbot system as well. When an RF trip occurs, RF personnel will receive a trip alert with its related
signals and first trip diagnostics information from this soft
alarm chatbot. Further specific information can be obtained
through an interactive user interface.
The hardware architecture of the RF DAQ system, the
design and the implementation of the soft alarm system are
reported in the following sections.

HARDWARE ARCHITECTURE
The hardware architecture of the RF DAQ system for the
TPS uses the same structure that was used for the SRF
horizontal tests [1]. There are three TPS RF stations: the
RF for the booster ring and the storage ring SRF stations 2
and 3. There is a DAQ rack at each RF station. Figure 1
shows the hardware layout for the DAQ rack. All analog
signals are collected in the junction box and distributed to
the digitizers. Signal buffers are placed between the
junction box and digitizers to avoid any impedance mis___________________________________________
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Figure 1: Hardware architecture of the DAQ rack.

Figure 2: Network topology of the RF area.
Figure 2 shows the network topology of the RF area, including three RF stations and the server room. There are
three categories in the RF area network: public area network, DAQ local area subnet and transmitter (TXM) control subnet. Most of the EPICS IOCs send the processing
variable (PV) information to the DAQ subnet and users
from the public network can obtain these PVs from the
servers which are connected to both DAQ subnets and the
public network. There is a local network switch in each station and all of them are connected to a core switch.
The information of the transmitter status can be connected to an EPICS IOC via the S7PLC EPICS driver [4].
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STUDY OF THE SYSTEM STABILITY FOR THE DIGITAL LOW LEVEL
RF SYSTEM OPERATED AT HIGH BEAM CURRENTS
Z.-K. Liu †, F.-Y. Chang, L.-H. Chang, M.-H. Chang, S.-W. Chang, L.-J. Chen, F.-T. Chung,
Y.-T. Li, M.-C. Lin, C.-H. Lo, C. Wang, M.-S. Yeh, T.-C. Yu, NSRRC, Hsinchu, Taiwan

Abstract

The purpose of a Low-Level Radio Frequency (LLRF)
system is to control the amplitude and phase of the field in
the accelerating cavity. A digital LLRF (DLLRF) system
will be installed in the Taiwan Photon Source (TPS) storage ring in 2019. The system stability depends much on the
feedback parameters. An instability of the cavity voltage
controlled by a DLLRF was observed during machine tests
with high beam current and low feedback gain. A simulation model for the digital LLRF system with beam-cavity
interaction was developed to investigate this instability and
simulations and machine test results will be presented here.

phase information back to each cavity model. The amplitude of the beam current is assumed to be constant.

INTRODUCTION

The Taiwan Photon Source (TPS) at NSRRC is a thirdgeneration light source operating at 3 GeV electron energy.
To have better RF field stability, precise control and high
noise reduction, a digital Low-Level Radio Frequency
(DLLRF) control system based on Field Programmable
Gate Arrays (FPGA) was developed at the NSRRC [1, 2].
We replaced the analogue LLRF system with a digital version for the TPS booster ring at the beginning of 2018 and
enjoyed a stable and successful operation [3, 4]. The
DLLRF systems for the TPS storage ring are under testing
and will be installed in the near future. The performance of
the DLLRF during machine tests for the TPS storage ring
can be found in [5].
During machine tests with high beam current, a cavity
voltage instability was observed. Figure 1 shows such an
unstable event at 390 mA beam current and with two SRF
modules operating at 1600 kV cavity voltage. A 3.4 kHz
oscillation of the cavity voltage occurred in both SRF modules and the RF systems were tripped by the interlock protection system. This instability can limit the maximum
storable beam current and may result from beam-cavityLLRF interactions. A simulation model for the digital
LLRF system was developed to investigate this instability
and its method and results are discussed in the following
sections.

SIMULATION MODEL

A simple LLRF system model was developed with
MATLAB and Figure 2 shows its block diagram. Each RF
station has its own controller and plant models. The RF
plant model includes the cavity response and the calibration of the DAC to generator current and the cavity voltage to ADC. The beam model receives cavity voltage
information from each RF stations and passes the beam

Figure 1: An unstable event at 390 mA beam current during
machine test.

Figure 2: Block diagram of the DLLRF control model with
beam-cavity interaction.
The equations of the cavity model including the beam
current can be written as follows [6]:
VCI  Z1 / 2VCI  'ZVCQ Z1 / 2 RL ( I gI  I bI ) (1)
V  Z V  'ZV
Z R ( I  I ) (2)
CQ

1/ 2

CI

CI

1/ 2

L

gQ

bQ

where ɘଵȀଶ ൌ ߱௩ Ȁʹܳ and ȟ߱ ൌ ߱௩ െ ߱ோி and
where the calibration coefficients G and A for ܫ ൌ ή 
and  ൌ  ή ܸ are obtained from measurements. Figure
3 shows the fitting results of the calibration coefficients for
RF station #3. The coefficient G can be calculated from the
following relations:
(3)
Pf a0  DAC

___________________________________________
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A SIMULATION FRAMEWORK FOR PHOTON-PARTICLE
INTERACTIONS FOR LASERWIRES AND FURTHER APPLICATIONS
S. E. Alden∗ , S. M. Gibson, L. J. Nevay, JAI at Royal Holloway University of London, Egham, UK
Abstract
A model has been developed for simulating photonparticle interactions with Beam Delivery Simulation (BDSIM). BDSIM is a high energy physics program that utilises
the Geant4, CLHEP, and ROOT libraries to seamlessly track
particles through an accelerator. The photon-particle interactions introduce the capability for modelling a range of
applications in accelerator physics. One such application is
a laserwire which is a minimally invasive diagnostic technique to measure beam profiles and emittance. In this paper
we describe the recent implementation of inverse Compton
scattering and electron stripping of Hydrogen ions. This is
demonstrated in an example beamline.

INTRODUCTION
A laserwire provides a non-invasive diagnostic method to
measure beam profiles and emittance for electron, positron,
and hydrogen ion beams. For both cases the basic configuration [1] is as shown in Fig. 1. A tightly focused laser pulse
crosses the particle beam, resulting in particle-photon interactions. By carefully calibrating the laser, the interaction
rate arising from this method is sufficient for characterising the particle bunch. The majority of the beam continues
unperturbed and can be redirected.

two [2]. Examples of laserwire diagnostics for hydrogen ion
beams have been demonstrated at SNS [3] and LINAC4 at
CERN [4, 5].
In the case of electron beams the laserwire is based on
inverse Compton scattering of the photons from the incident
electrons or positrons. The high energy photons are scattered
along the direction of the particle beam and can be detected
after the charged particles are typically separated using a
dipole magnet. A profile is constructed from measuring
the modulated rate of scattered photons as the laser beam is
transversely scanned across the particle beam. In some cases
the scattered electrons can also be detected, for example in
very high energy e- beams, where the electron kinetic energy
can be reduced by up to half the original value. Examples
of laserwire beam profile monitors for electron beams have
been demonstrated at the ATF2 at KEK [6], and PETRA II
at DESY [7].

BEAM DELIVERY SIMULATION
BDSIM is a program that uses high energy physics software including Geant4, CLHEP, and ROOT, to construct
a 3D model of an accelerator [8]. The particles are then
tracked through the magnetic lattice using BDSIM’s thick
lens accelerator tracking in a vacuum. The model is constructed from a range of generic of accelerator components
including magnets. GEANT4 physics processes are use to
simulate interactions between the particles and the medium
through which a particle is travelling. A single particle is
tracked until kinetic energy reaches zero or it leaves the
world according to the physics processes in the model. Any
secondary particles are also tracked similarly.

MODEL APPROACH
Figure 1: Typical layout for a diagnostic laserwire.
In the case of a H− ion, the weakly bound second electron can easily undergo photodetachment with an optical
wavelength photon. The free electrons can be measured
with detectors such as a Faraday cup, which combined with
multiple measurements of varying transverse laserwire offsets across the ion beam builds a profile. Alternatively the
remaining H− can be redirected via dipole leaving the H0
to drift to a detector. This method allows both the beam
profile and beam emittance to be measured. The angular divergence of the beam is evaluated by the difference between
the spatial signal at the detector plane relative to the laserwire transverse placement and the drift distance between the
∗
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To provide both photodetachment and inverse-Compton
scattering particle-photon interactions two processes were
added to Geant4. The model approach for both processes are
the same but apply to different charged beams and provide
different outcomes. A geometric model of a laserwire is
constructed as a hyperboloid, as seen in Fig. 2. The hyper2𝜆
2
bolic angle is defined as 𝜃 = 𝑀
𝜋𝑤0 , where 𝑀 is the beam
quality, 𝜆 is the laser wavelength, and 𝑤0 is the laser waist.
The minimum radius is constructed at 10𝜎𝑙 , the laser beam
size, or 5𝑤0 .
For uniform density media the variation in intensity of incident particles through a medium are described by the BeerLambert law. This can be used to define a mean free path
based upon density of the material that is being traversed. In
the case of the laser, the photon density is non-uniform. An
alternative approach is to define a probability of interaction
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REAL-TIME BEAM ORBIT STABILISATION TO 200 NANOMETRES IN
SINGLE-PASS MODE USING A HIGH-PRECISION DUAL-PHASE
FEEDBACK SYSTEM
D. R. Bett, P. Burrows, G. B. Christian, C. Perry, R. Ramjiawan
John Adams Institute, University of Oxford, UK
Abstract
A high-resolution, low-latency, stripline beam position
monitor (BPM) system has been developed for use at particle accelerators and beamlines that operate with trains of
particle bunches with bunch separations as low as several
tens of nanoseconds, such as future linear electron-positron
colliders and free-electron lasers. The system consists of
fast analogue stripline BPM signal processors input to a custom FPGA-based digital feedback board which drives a pair
of kickers local to the BPMs and nominally orthogonal in
phase in closed-loop feedback mode, thus achieving both
beam position and angle stabilisation. The feedback system
was tested with the electron beam in the extraction line of
the Accelerator Test Facility at the High Energy Accelerator Research Organization in Japan. Recent upgrades to
the BPMs have increased the single-shot, real-time position
resolution of the system to ∼150 nm for a beam charge of
1.3 nC. We report the latest results which demonstrate the
feedback system operating at this resolution limit and a beam
stabilisation performance of 200 nm.

Figure 1: Layout of the ATF showing the location of the
FONT feedback system in the ATF2 beam line.

INTRODUCTION
The designs for the International Linear Collider (ILC) [1]
and the Compact Linear Collider (CLIC) [2] require
nanometre-sized beams stabilized in position to the nanometre level at the interaction point (IP). To demonstrate that
this degree of position stability is feasible, the Feedback
On Nanosecond Timescales (FONT) project [3] operates a
position and angle feedback system at the Accelerator Test
Facility (ATF) of the High Energy Accelerator Research Organization (KEK) in Japan. The layout of the ATF is shown
in Fig. 1. The beam is extracted from the damping ring to
the ATF2 beam line which consists of a 52 m long extraction
section leading to a 38 m long final focus line. One of the
goals of the ATF2 collaboration is to achieve beam position
stability of approximately 1 nm at the notional IP (i.e. the
focal point) [4]. To achieve this, the FONT feedback system
needs to stabilise the position of the beam to within 1 µm at
the entrance to the final focus section. This requires a beam
position monitor (BPM) system capable of delivering position signals accurate to the sub-micron level on the timescale
of the bunch-to-bunch spacing (150-300 ns).
In 2017, the BPM system achieved a resolution of 150 nm
for a beam charge of 1.3 nC [5]. This paper presents the
feedback system operating under practically ideal conditions,
achieving the smallest jitter ever recorded at the feedback
BPMs and implying a beam position resolution better than
150 nm for a beam charge of 1 nC.

Figure 2: Schematic representation of the FONT feedback
system.

EXPERIMENTAL SETUP
The FONT feedback system is depicted schematically in
Fig. 2. The position of the first bunch is determined using
two BPMs consisting of 12 cm striplines, designated P2 and
P3, located in the diagnostics section of the ATF2 extraction
line. These stripline BPMs are connected to specially developed analogue processing electronics [6]. Their design is
presented in Fig. 3. The top (VA) and bottom (VB ) stripline
signals are subtracted using a 180◦ hybrid to form the difference (∆) signal and added using a resistive coupler to form
the sum (Σ) signal. The resulting signals are then band-pass
filtered and down-mixed with a 714 MHz local oscillator
(LO) signal phase-locked to the beam, before being low-pass
filtered and amplified using 20 dB low-noise amplifiers. The
LO is phased with the stripline signals using a phase shifter
on the LO input and the stripline signals are themselves
matched in phase using a phase shifter on VA. The output
signals are digitised using analogue-to-digital converters
(ADCs), operated with a sample frequency of 357 MHz
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ANALYSIS OF RF SYSTEM STABILITY ON CLARA
N. Y. Joshi1,∗ , A. Moss1 , E. W. Snedden1 , J. R. Henderson1 , J. Jones1 , A. Wheelhouse1
ASTeC, STFC Daresbury Laboratory, Daresbury, Cheshire WA4 4AD, UK
A. C. Dexter1 , Engineering Department, Lancaster University, Lancaster, UK
1
also at The Cockcroft Institute, STFC Daresbury Laboratory, Daresbury, Cheshire WA4 4AD, UK
Abstract
The Compact Linear Accelerator for Research and Applications (CLARA) facility at STFC Daresbury Laboratory
will test underpinning concepts and technology for a next
generation X-ray free electron laser (FEL). CLARA will use
four S-band normal conducting traveling wave linacs to accelerate electron bunches to a maximum energy of 250 MeV.
The amplitude and phase stability of the collected RF systems is critical in enabling CLARA to achieve low (10 fs)
shot-to-shot timing jitter of the photon output. Here we
present initial measurements and model of the amplitude
and phase jitter of the CLARA RF systems, achieved by
experimentally correlating the klystron output with controls
from modulator, driver, and other environment parameters.
The effect of the RF jitter on the CLARA beam momentum
is also integrated in the model.

INTRODUCTION
Compact Linear Accelerator for Research and Application (CLARA) is an electron accelerator, being built in
phases, to serve as a platform to test novel concepts and
technologies for next generation FEL machines and other
suitable applications [1, 2]. CLARA uses a photo injector
gun with a normal conducting copper two and half cells
standing wave cavity, which provides the initial acceleration
up to 6.5 MeV. A Scandinova-Thales modulator-klystron system feeds 2.5 μs long RF pulses of 10 MW at 2998.5 MHz,
through pressurised wave-guides. Linac-1 is a two meter
long normal conducting traveling wave structure with 61
cells and phase advance of 2p/3, which is fed by a DTIThales modulator-klystron system generating 0.7 μs long
pulses of 20 MW at 2998.5 MHz [1, 3]. The gun and linac
structures are temperature stabilised using cooling water
feedback loops and relevant parameters are monitored during machine operation. The laser and RF systems are all
locked to a master oscillator (MO) which provides a stable
reference clock signal.Both the RF systems are controlled
by Libera low level RF (LLRF) systems in conjunction with
EPICS and synchronised using a Micro Research timing
system [4, 5].

MEASUREMENT SETUP AND
PREDICTION METHOD
Performance of different RF sub-systems are monitored
using pickup signals, such as: forward and reflected power
signals along the wave-guides, probe and load signals,
∗
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modulator voltage and current, cooling water temperature,
solenoid current, etc. Two RF front end systems have been
developed to down-convert various 2998.5 MHz RF signals,
by mixing them with a Local Oscillator (LO) signal derived
from MO, to an intermediate frequency (IF) of 30 MHz.
CLARA Fast Acquisition Box (CFAB) system has two RF
channels used to record the klystron output forward signal
and output signal of the driver amplifier going in to the
klystron. It also records modulator voltage, current and AC
mains. All channels are recorded using 14-bit ADCs at
125 mega samples per second (MSPS). The second system,
CLARA RF Stability Test System (CRF-STS), has eight
RF channels, used for signals extracted from Linac-1 waveguide transmission line, probe, load and input signal from
driver amplifier. Both systems also record the stable MO
signal, which is used to normalise and remove any variations
introduced due to LO paths. CRF-STS records the IF signals
using 16 bit ADCs at 256 MSPS, while the slow modulator
voltage and current signals are recorded with 14 bit ADCs
at 125 MSPS. Various RF signals from Libera LLRF and
other diagnostics systems are also simultaneously recorded
through Epics.
Software libraries are developed in Python to record and
analyse data. Every pulse record is stamped with Epoch
time and different systems are synchronised using Network
Timing Protocol (NTP). To expedite the analysis, a multiprocessing framework is developed, which benefits from
multi-core CPU and large server RAM. The amplitude and
phase of recorded IF waveforms are calculated using quadrature phase (IQ) digital down conversion process [6]. Processed data from different systems are synchronised and
correlated to derive a data based plant model of the RF systems.
Dependence of RF power 𝑃𝑅𝐹 and phase 𝜙𝑅𝐹 of a klystron
on various control inputs can be described in their simple
form [7], as
⎜ 𝐴𝜔𝑙 √ 𝑃𝑑 𝑍𝑑 𝑚𝑒 ⎞
⎟,
𝑃𝑅𝐹 ≃ 𝐼𝑀 𝑉𝑀 𝐽1 ⎛
2𝑉𝑀 2𝑉𝑀 𝑒
⎝
⎠

where, 𝑉𝑀 and 𝐼𝑀 are cathode modulator voltage and current respectively, 𝐽1 is a Bessel’s function of first kind, 𝐴 is
a coupling factor controlled by solenoids and transit time
factor, 𝜔 is RF frequency, 𝑙 is drift tube length, 𝑃𝑑 is the
klystron input driver power, 𝑍𝑑 is an equivalent impedance
for bunching driver cavity, 𝑒 and 𝑚𝑒 are the charge and mass
of electron respectively. The RF phase 𝜙𝑅𝐹 is controlled by
changing driver signal phase, but is also dependent on the
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FETS PERSONNEL & MACHINE INTERLOCK SYSTEMS
John Howard Mac,gregor, STFC Rutherford Appleton Laboratory, Chilton, Didcot,
Oxfordshire United Kingdom
Abstract
The Front End Test Stand (FETS) [1] is a high energy
pulsed proton driver that aims to produce a perfectly
chopped 50 Hz, 60 mA, 2 ms H– beam. FETS consists of a
Penning Ion source, Low Energy Beam Transport (LEBT),
4 m long bolted construction 324 MHz four vane Radio
Frequency Quadrupole (RFQ). The H– Beam will be perfectly chopped so that bunches of particles can be trapped
and accelerated with very low loss into a circular accelerator. To protect personnel from X-ray radiation along with
prompt neutrons & gamma radiation, a concrete blockhouse has been built around the facility and a personnel interlock and search system developed.

This paper discusses the mechanical and electrical systems used to ensure personnel safety via the Personnel Protection System (PPS) and machine safety by use of a Programmable Logic Controller, (PLC), used as the Machine
Interlock Systems.

INTRODUCTION
With the anticipated acceleration of the particle beam
Bremsstrahlung electromagnet radiation will significantly
increase, being produced by the RFQ, beam line and dump.
A protective concrete block-house has been built around
the beamline.
Figure 1 illustrates the layout of the FETS block-house
and the two entrances.

Klystron cage

Ion source
HF beam chopper
& power supplies.

Door 2

RFQ & MEBT

Block-house

Door 1

Control racks
Figure 1: Fets protective concrete block-house.
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APPLICATIONS OF DIMENSION-REDUCTION TO VARIOUS
ACCELERATOR PHYSICS PROBLEMS
W. F. Bergan† , I. V. Bazarov, C. J. R. Duncan, and D. L. Rubin,
Cornell University, Ithaca, NY, USA

Abstract

Particle accelerators contain hundreds of magnets, making
dimension-reduction techniques attractive when attempting
to tune them. We apply this procedure to two diﬀerent problems: correcting the orbit in the Cornell synchrotron and
maximizing the dynamic aperture in the Cornell Electron
Storage Ring (CESR). Cornell’s rapid cycling synchrotron
accepts a 200 MeV beam from the linac and accelerates it to
6 GeV for injection into the CESR. ‘Kicker coils’ (dipole correctors) are used to correct for residual ﬁelds which would
otherwise cause beam loss at the low energies. In such cases,
it is usually advisable to measure and correct the orbit. However, one cannot measure the orbit without ﬁrst getting the
beam to circulate a few hundred times, by which point the
low-energy orbit would already be mostly corrected. In order to speed up the process of empirical orbit tuning, we
form knobs which have the largest eﬀect on the global orbit
error, so that the dimensionality of the space which must
be searched may be greatly reduced. A small dynamic aperture in CESR will have adverse eﬀects on beam lifetime
and injection eﬃciency, and so ought to be maximized by
tuning sextupoles. However, it is often unclear which sextupoles one ought to tune to alleviate the problem. Moreover,
once the chromaticity is properly adjusted, it should not be
changed. Since we expect resonance driving terms (RDTs)
to have a large impact on the dynamic aperture, we develop
sextupole knobs which change the RDTs as much as possible
while leaving the chromaticity ﬁxed.

INTRODUCTION

Particle accelerators are complicated instruments, consisting of hundreds if not thousands of magnets which must
all be optimized to achieve the best machine performance.
Moreover, regardless of the care with which one runs simulations to obtain a good starting point, inevitable misalignments and other errors force one to optimize directly on the
real machine. High dimensional systems frequently pose difﬁculties for fast optimization, motivating methods to reduce
the number of dimensions of the problem.
To further motivate this dimension reduction, we make use
of the concept of sloppy models. This posits that, for many
high-dimensional systems, low-dimensional approximations
exist which capture most of the interesting behavior of the
full system [1–4]. We have had success in applying this
to minimize the vertical emittance at the Cornell Electron
Storage Ring (CESR) [5–8]. However, since this is a broad
concept, we propose to extend it to other aspects of machine
tuning.
†
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We ﬁrst investigate the use of sloppy models to eﬃciently
tune the low-energy orbit in the 756-meter Cornell synchrotron, which accelerates 200 MeV positrons provided
by the linac to 6 GeV for injection into CESR. The main
issues arise at injection energy (200 MeV), where residual
magnetic ﬁelds may have a large impact on the beam. 47 horizontal and 46 vertical kickers are used to provide low-energy
orbit correction. However, beam-position measurements are
not useful for orbit-correction due to the fact that once we
have suﬃcient turns to obtain an orbit, it is already fairly
well-corrected. This leads us to use the beam current accepted and accelerated by the synchrotron as our metric of
performance and so we desire some systematic method to
tune using this measurement. We therefore wish to determine the best groups of kickers to use to ﬁx the synchrotron
orbit for diﬀerent anticipated failure modes, with the understanding that these may be quickly tuned by the operator in
order to improve beam transmission.
We also wish to see how useful dimension-reduction can
be when applied to the problem of maximizing the dynamic
aperture in CESR. Sextupoles are used in storage rings in
order to correct the horizontal and vertical chromaticity,
but necessarily introduce nonlinear dynamics, resulting in
a ﬁnite dynamic aperture. Since an insuﬃcient dynamic
aperture harms both lifetime and injection eﬃciency, the
strengths of the sextupoles in a storage ring are optimized
in simulations at the design stage in order to maximize it.
However, unknown multipole moments also contribute to
the resonance driving terms, and, especially when starting
up the machine for the ﬁrst time, there is no guarantee that
the sextupole strengths truly match the design. When poor
injection eﬃciency or lifetime is observed, it is desirable to
adjust sextupoles to improve the dynamic aperture. However,
CESR has 76 independently-powered sextupoles, so that
even after removing two degrees of freedom to prevent the
chromaticities from changing, the space is still too large
to search eﬃciently. We therefore investigate the use of
sextupole knobs which preserve the chromaticity, but give
the largest expected improvement to the dynamic aperture.

SYNCHROTRON ORBIT TUNING
For minimizing orbit errors in the synchrotron, we only
deal with the horizontal case here, since vertical tuning will
proceed similarly. We ﬁrst consider the case of distributed
random dipole errors. To attempt to correct these, we take
the singular value decomposition (SVD) of the response
matric J, where Ji j is the change in orbit at location i due to
a unit change in the strength of steering j. The locations to
evaluate the orbit were placed every 10 cm in the synchrotron

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects
T33 Online Modeling and Software Tools

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPRB100

A GENERIC SOFTWARE PLATFORM FOR RAPID PROTOTYPING OF
ONLINE CONTROL ALGORITHMS
C. J. R. Duncan† , M. B. Andorf, V. Khachatryan, C. Gulliford,
J. M. Maxson, D. L. Rubin, I. V. Bazarov, Cornell University, Ithaca, NY, USA
Abstract

 

Algorithmic control of accelerators is an active area of
research that promises signiﬁcant improvements in machine
performance. To facilitate rapid algorithm prototyping, we
have developed a generic interface between accelerator controls, beam physics modelling software and modern scripting
languages. The work-ﬂow of a project using this interface
begins with testing algorithms of choice oﬄine in simulation.
After oﬀ-line testing, the same code can be deployed on real
machines via the Experimental Physics and Industrial Control System (EPICS) API. We include noise in our simulations in order to mimic realistic accelerator behaviour and to
evaluate robustness of algorithms to experimental uncertainties and long-term drifts. The results of test cases of using
this framework are presented, including emittance tuning
of the Cornell Electron Storage Ring (CESR), correction of
diurnal drift in CESR steering and orbit correction on CESR
and the Cornell-BNL ERL Test Accelerator (CBETA).

INTRODUCTION
Particle accelerators are a natural application domain for
software automation. But the lack of a community standard
interface between algorithm code, machine controls and
simulation software impedes collaboration between accelerator scientists at diﬀerent facilities, as well as collaboration
between accelerator and computer scientists. These frustrations can be eliminated by introducing in software an
abstraction layer that presents a consistent interface to control code, consistent across diﬀerent machines and consistent
across machines and simulation software. In this proceeding, we describe two accelerator facilities at Cornell that
make use of two diﬀerent control systems. We then sketch
the software components of a prototype abstraction layer.
We report proof-of-concept results showing how, through
our abstraction layer, (i) control code written for diﬀerent
accelerators can be shared, and (ii) third-party optimization
algorithms can be rapidly tested in simulation. We end by
describing a method for simulating noisy drift observed in
CESR orbit data.

ACCELERATOR FACILITIES
The Cornell Electron Storage Ring (CESR) is the source
for the Cornell High Energy Synchroton Source (CHESS) xray user facility. CESR comprises hundreds of independently
powered electromagnetic elements and thousands of sensors
that are controlled and monitored by a centralized Multi†
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Figure 1: Schematic of interface software components. On
the output side, EPICS Channel Access clients put commands on a work-queue that is managed by the thin software
input-output controller (IOC). The IOC consumes the queue
by translating and then passing commands to the back-end
control and simulation software, which run as a separate
processes. On the input side, a timer periodically polls the
back-end for data, which triggers execution of simulation
code. The simulation trigger is vetoed by a register ("stale
switch") if and only if the simulation parameters are unchanged.

Port Memory device (MPM). The components of the MPM
system are schematized in Fig. 2.
The Cornell-Brookhaven ERL Test Accelerator (CBETA)
is a superconducting RF multi-turn energy recovery linac.
Control and monitoring is handled by a distributed network
of dozens of EPICS Input-Output Controllers (IOCs).

SOFTWARE COMPONENTS
Our abstraction layer interfaces with user code via the
Channel Access (CA) network protocol, a component of
EPICS. Client CA libraries exist for Python (pyepics), and
Matlab (labCA). In our implementation, an EPICS IOC runs
a CA server that handles the details of communicating client
commands to control system and simulation software, as
shown in Fig. 1. Since EPICS is designed to perform the
same functions as the legacy control software, the details of
the implementation consist in translating equivalent functionality, together with data book-keeping. Client commands
to change command values ("puts") are placed by the IOC on
a task-queue. Items on the queue are consumed by a worker
thread that is connected to the legacy control system as a
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MONTE CARLO OPTIMIZATION OF FAST BEAM LOSS MONITORS
FOR LCLS-II∗
M. Santana Leitner† , C. I. Clarke, A. S. Fisher,
A.M. Harris, C. Hast, SLAC National Accelerator Laboratory, Menlo Park, USA
T. Liang, Deutsches Elektronen-Synchrotron, Hamburg, Germany
E. Griesmayer, CIVIDEC Instrumentation, Vienna, Austria

Abstract

Commissioning of the LCLS-II hard X-ray FEL at SLAC
National Accelerator Laboratory has started. This facility
and its successors will ultimately accelerate electrons to
8 GeV, with beams of 375 kW at 1 MHz. Potential errant
beams of such high-powers, will need to be detected very
fast -200 μs- to limit exposure and to protect beam-line and
safety components. Currently, the parent low-repetition-rate
(LCLS) uses ion chamber technology, both as Point Beam
Loss Monitors (PBLM) by collimators, dumps, septa, etc.,
and also as Long Beam Loss Monitors (LBLM) that provide
detection coverage in extended areas where the accelerator
enclosure is not suﬃciently thick to shield full beam losses.
Due to the ﬁnite ion mobility and related screening effects, ion chambers are not fast enough for MHz beams, and
their response would not be linear at high charge rates [1].
Consequently, LCLS-II has been designed with synthetic
mono-crystalline diamond chips as PBLMs, which oﬀer
nanosecond time resolution due to the high mobility of holes
in the valence band. LBLMs will be 200 m-long optical
ﬁbers, with photomultipliers (PMT) that detect Čerenkov
photons produced by charged particles interacting with the
ﬁbers. Models for these technologies were developed as
scoring functions for the FLUKA Monte Carlo code [2, 3],
and then were benchmarked and tuned against in-house experiments. Those models were then used to understand
optimized placement of detectors considering shared use of
detectors, response intensity or even radiation damage.
The limited scope of this paper just allows highlighting
the basics of each of the processes and their subsequent
conclusions.

SYNTHETIC DIAMOND DETECTOR
RESPONSE

All simulations and tests on diamond detectors described
here refer to synthetic mono-crystalline diamond (C{d} ) by
CIVIDEC, named ’B1’ type.

Diamond Response Implementation
By using GEANT-4 [4], CIVIDEC simulated e− /hole pair
generation (i.e. charge in fC) in 500 μm of C{d} per interaction of photons, protons, neutrons, electrons or positrons of
up to 1 GeV, as well as the total interaction rates by those
∗
†
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particles. The resulting data points for pair generation per
interaction, and for total interaction probabilities, were then
ﬁtted to 5th degree polynomials, mostly on the Log-Log scale.
Eventually, local function ﬁtting to some energy ranges was
also used.
The ﬁve sets of polynomials were programmed in the
FLUKA user modiﬁable routine “ﬂuscw.f”, so that ﬂuence
scoring in every voxel of the geometry can be automatically
weighted by the product of the interaction probability in
C{d} for the given particle at its current energy and its associated charge generation rate per interaction. Finally, in
order to obtain the total signal fC per simulated primary,
results should be multiplied by the actual detector volume
(i.e. 8 × 10−3 cm3 for B1) and divided by the 500 × 10−4 cm
path. It should be noted that the detector signal is independent of its orientation. Actually, this implementation allows
anticipating the diamond detector response ﬁeld in space,
not requiring to code the detector geometry (materials, etc.)
at any precise location. Thus, a single setup allows assessing the response of diamonds located anywhere through the
scoring volume.

B1 Model Benchmarking and QA Process
Performance of B1 detectors and accuracy of the corresponding Monte Carlo predictions were tested in various setups at SLAC involving pulsed high-energy electron beams
(up to 14.5 GeV, thus leading also to intense photon and neutron ﬁelds) at ESTB facility, and low-energy photons from
a 137 Cs, 30 Ci source at the Radiation Calibration Facility
(RCF).
Tests allowed identifying early bugs in the physics implementation, as well as hardware weaknesses (current leaks).
After addressing all those, readings and predictions generally
agreed within 20 %, sometimes even within a few percent,
and did not show any intensity-driven bias across the range
of measurements, which spanned ﬁve orders of magnitude
average current, starting at a few pA. Another conclusion
was that the RCF irradiation well was also an adequate facility to calibrate B1 detectors.

ČERENKOV FIBER DETECTORS
Physics Implementation of Čerenkov Fibers
Charged particles moving through a dielectric medium
-like the silica of ﬁbers- at a speed greater than the
phase velocity of light generate so-called Čerenkov photons, which are emitted at a characteristic polar angle
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IMPROVEMENTS IN LONG-TERM ORBIT STABILITY AT NSLS-II*
Y. Hidaka†, A. Caracappa, Y. Hu, B. Podobedov, R. Smith, Y. Tian, G. Wang, Brookhaven National
Laboratory, Upton, NY 11973 USA

Abstract

We report our latest efforts to further improve long-term
orbit stability at NSLS-II, on top of what is already provided by fast orbit feedback (FOFB) system. A DC local
bump generation program, only utilizing RF beam position
monitors (BPM) and compatible with FOFB, was first implemented and deployed in operation successfully, allowing on-demand fine adjustments of beamline source positions and angles. Then we introduced a simple feedback
version that performs these bump corrections automatically as needed to maintain the sources within in 1 um/urad
for select beamlines. In addition, an RF frequency feedback was also implemented to improve stability for 3-pole
wigglers and bending magnet users. As a parallel effort, Xray BPMs were included in a local feedback system to stabilize photon beam motion for several ID beamlines. However, this feedback scheme is not transparent to FOFB, and
suspected to be the source of occasional saturation of fast
corrector strength. As an alternative solution, the local
bump program and its feedback version has been recently
upgraded to include bumps with X-ray BPMs and in operation since April 2019.

INTRODUCTION

The National Synchrotron Light Source II (NSLS-II) is
the latest third-generation light source in the United States,
located at Brookhaven National Laboratory [1]. Since the
storage ring commissioning in 2014, the stored beam current for routine beamline operation was gradually raised to
400 mA, with top off injection. The number of beamlines
has grown from 7 insertion devices (IDs) on 6 straight sections to 23 IDs on 16 straight sections as well as 5 threepole wigglers (3PWs), one bending magnet (BM) source,
and another BM as infrared radiation source. As the facility
matures, and the number of users expands, we have been
making continuous efforts to improve the stability of the
machine for the beamline users. One area of focus has been
the long-term orbit stability, as many users identified it as
the most impactful if resolved. In this paper, we report our
evolving solutions to further improve this stability on top
of what was achieved due to the meticulous design of the
building and various storage ring systems with stability in
mind.

FAST ORBIT FEEDBACK

The fast orbit feedback system (FOFB) at NSLS-II [2]
currently suppresses orbit noise up to 200 Hz. We define
the short-term orbit stability to be the integrated power
spectrum density (PSD) of the beam orbit from 0.1 Hz up
___________________________________________
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to 500 Hz. These integrated PSDs for the horizontal and
vertical plane are typically 0.8 and 0.6 um, respectively.
Given the nominal 0.9 nm horizontal and 8 pm vertical
emittance, and the rms energy spread of 9 × 10−4 , the current FOFB system meets the short-term orbit stability requirement of 10% of beam size in both planes (even reaching 1% horizontally).
As a practical metric for long-term orbit stability, we
take the first uninterrupted (i.e., no beam dump with continuous topoff running) 24-hour period each week during
beamline operation, sample the ID source angles and positions hourly within that period, and calculate the median of
the peak-to-peak variations among all the ID beamlines [3].
The latest such statistical analysis shows the current longterm orbit stability to be 1.7/1.6 urad (H/V) for ID angles
and 5.5/4.4 um (H/V) for ID positions [3].

FOFB-COMPATIBLE LOCAL BUMP
The most noticeable and persistent sources for degradation of long-term orbit stability were local orbit bump corrections for ID beamlines. Our original local bump program (called v2) was written without FOFB compatibility.
As FOFB was fighting back the bump correction, the program was slow to converge and generated global orbit distortion. Initially we tried to alleviate the problem by “relaxing” the FOFB gain while creating a bump. Later, to
completely resolve this issue, we adopted the bump feedforward method used at APS [4]. The new bump program
(called v3) creates a local bump at an ID straight using slow
ring orbit correctors, as v2 did. However, before applying
the slow corrector setpoint changes, the program modifies
the FOFB reference orbit to the orbit the change in the slow
correctors will produce. This way FOFB does not try to
fight back the change.

Figure 1: Comparison between (left) v2 bump with FOFB
“relaxed” mode and (right) v3 bump with normal FOFB,
showing horizontal 30-urad bump creation at C05 ID (top)
and the impact on all the other ID sources (bottom).
As shown in Fig. 1, an attempt to create a 30-urad horizontal angle bump at C05 ID with the v2 program used to
affect a neighboring ID as much as 4 urad, while pushing
fast correctors near saturation. With v3, the residual equilibrium ID source angle change around the ring was
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ESS KLYSTRON PRODUCTION TEST STAND
Marcel Gaudreau, Ian Roth, Noah Silverman, Michael Kempkes, Rebecca Simpson,
Diversified Technologies, Inc. (DTI), Bedford, MA, 01730, USA

Abstract
Diversified Technologies, Inc. (DTI) has delivered a
new long-pulse modulator klystron test stand to Communication and Power Industries (CPI) in Palo Alto, CA for
full power testing of production VKP-8292A klystrons for
the European Spallation Source (ESS). The output is flat
to less than 0.5% over 3.3 ms. This test stand was built
using hardware and designs from an earlier effort for the
Department of Energy, with modifications to support ESS
requirements and klystron testing operation. Earlier versions of this design are in use at IPN Orsay and CEA
Saclay in France to test RF components for ESS.

INTRODUCTION

DTI has delivered a new long-pulse modulator klystron
test stand (Fig. 1) to Communication and Power Industries (CPI) in Palo Alto, CA for full power testing of production VKP-8292A klystrons for the European Spallation Source (ESS). This test stand was built using hardware and designs from an earlier SBIR effort for the Department of Energy, with modifications to support ESS
requirements and klystron testing operation. Earlier versions of this design are in use at IPN Orsay and CEA
Saclay in France to test RF components for ESS.
This new klystron test stand allows testing of klystrons
at the full ESS specifications: 120 kV, 50 A, 3.5 ms pulse,
14 Hz (Table 1), with margin for operating at voltages up
to 130 kV. Figure 2 shows a cathode pulse from the system. This design is based on a (patent pending) non-dissipative regulator that compensates for the capacitor
droop voltage (~20%) during the pulse.
This allows a much smaller capacitor than would
nominally be required for the long ESS pulse, eliminating
the need for a larger, more expensive capacitor bank. This
test stand will speed delivery of ESS klystrons, and similar, long pulse, high power klystrons at CPI. Test voltages
with and without the regulator are shown in Fig. 3 and
Fig. 4.

CONTROLS CABINET

The control cabinet houses the main system controls
and interface, as well as most of the power distribution.
The cabinet is divided into separate compartments to
accommodate AC power distribution, low voltage DC
utility distribution, and the controls section which includes the control boards and the Programmable Logic
Controller (PLC) for system sequencing and other functions.
A 19” rack contains power supplies for the transformer
bias, solenoid, and vac-ion pump, and also the arc detector.

Figure 1: ESS Klystron Test Stand, showing controls and
auxiliary supplies in the left cabinet, the high voltage
power supply (center-left), the high voltage modulator
cabinets (center-right), and transformer (far right).
.

Figure 2: Voltage and current waveforms of the ESS
modulator.
Ch 1 (yellow) Voltage, 20 kV/div, 117 kV peak.
Ch 2 (blue) Current, 10 A/div, 48 A peak.
Time: 500 µs/div; pulse is 3.5 ms.
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A NOVEL DESIGN OF A LASER PHASE MONITOR FOR AWA
RF PHOTOCATHODE ELECTRON GUN*
W. Liu †, M. E. Conde, D. S. Doran, G. Ha, J. G. Power, J. H. Shao,
C. Whiteford, E. E. Wisniewski
Argonne National Lab, Argonne, USA

Abstract

It is critical to maintain a stable laser phase for a RF photocathode electron gun to achieve high beam stability. In
order to achieve a higher beam stability for AWA (Argonne
Wakefield Accelerator) beamline, a novel laser phase monitor has been designed to allow us to monitor and feedback
on. Both the design and its applications at AWA are presented in this paper.

In order to measure the laser phase in terms of the
1.3GHz LLRF clock using phase detector circuit, one have
to find a way to generate a 1.3GHz signal associated with
the photodiode signal. For our case here, the photodiode
signal is a nearly clean sinewave as showing in Fig. 1.

INTRODUCTION

AWA beamlines all started with a 1.5 cell RF photocathode electron gun. The characteristic parameters of the electron beam coming out of the electron gun strongly depend
on the injection phase( the injection time of laser beam
measured in the RF phase of 1.3GHz RF) of the laser beam.
Depending on what the injection phase is set to, the beam
quality could be very sensitive to the phase instability. But
in general, we would like to keep the injection phase instability as small as possible. In order to control the injection
phase instability, we have upgraded our low level RF
(LLRF) system to instrument a RF phase monitors and
feedback system. The LLRF phase monitor and feedback
system picks up RF signals from electron gun and linacs
and measures their phase against the 1.3GHz reference signal from master oscillator. The results are then used to
feedback control LLRF of RF modulators. With the LLRF
phase feedback system, the RF phase drift has now been
eliminated but the drift in beam phase is still observed during experiments and confirmed with phase jitter scan. A
laser phase monitor is thus needed to further stabilize the
beam phase.

AWA LASER SYSTEM

AWA laser system uses Spectra-Physics Tsunami ultrafast Ti:Sapphire oscillator which offers two photodiode
output for its controlling electronic modules. One for the
mode lock electronic module and another one for the Lockto-Clock electronic module (LTC box). Both photodiode
signals are sine wave corresponding to the laser output.
The LTC box takes 81.25MHz from our master oscillator
as reference clock and control the Tsunami laser head to
phase lock the laser to the reference clock. This 81.25MHz
reference clock coming out from master oscillator is phase
locked to the 1.3GHz LLRF reference signal generated in
the same master oscillator. Ideally, the laser output from
Tsunami should be have been phase locked to the 1.3GHz
LLRF reference clock.
___________________________________________
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Figure 1: Photodiode signal from Tsunami laser head.
Since 1.3GHz is the 16th harmonic of 81.25MHz, with a
nearly clean 81.25MHz sine wave from the laser photodiode output, it is quite straightforward that frequency multipliers should be used to generate the 1.3GHz signal associated with the laser.

AWA LASER PHASE MONITOR
Hardware Configuration
Once it is clear that the photodiode output from the laser
head is an 81.25MHz sine wave, the easiest way to generate the laser associated 1.3GHz signal is to double the frequency up using frequency multipliers. As frequency multiplier are usually lossy and noisy, amplifiers and band pass
filters are also used in the process of generating laser associated 1.3GHz signal. A block diagram of the design is
given in Fig. 2.

Figure 2: Function block diagram of laser phase monitor.
All frequency multipliers, amplifiers, band pass filters,
power splitter and phase shifter are connectorized circuit
unit from Mini-Circuits [1]. An AD8302 evaluation board
[2] is chosen to be used as the phase detector while
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LBNF HADRON ABSORBER: UPDATED MECHANICAL DESIGN AND
ANALYSIS FOR 2.4 MW OPERATION*
A. Deshpande†, K. Anderson, K. E. Gollwitzer, B. D. Hartsell, J. Hylen, V.I. Sidorov, S. Tariq,
FNAL, Batavia, IL 60510, USA

Abstract
The Long-Baseline Neutrino Facility (LBNF) Hadron
Absorber is located downstream of the decay pipe. It consists of actively cooled aluminum and steel blocks surrounded by steel and concrete shielding. Majority of the
beam power is deposited in the absorber core which is water cooled. The surrounding steel and concrete shielding
are air-cooled. The absorber provides radiation protection
to personnel and keeps soil and ground activation levels
below allowable limits. It is designed for 2.4 MW beam
operations. The total heat load deposited into the absorber
is approximately 400 kW. The current design considers the
longer 4-interaction length target of the optimized beam
design. In addition, the ‘bafflette’ around the target reduces
the energy deposited into the absorber. For this reason, the
sculpting in the aluminum core blocks, which was in the
previous design, was removed, making the design uniform
and less complicated. In addition, the uniformity of the absorber makes it easier to understand the muon monitor
data. Steady state thermal, structural, and Computational
Fluid Dynamics (CFD) analysis of critical absorber aluminum and steel components during steady state operations
is discussed herein. A similar analysis for a 120 GeV, 10 µs
pulse, accident condition is also discussed. A preliminary
design for the accident pulse prevention system that protects the absorber is also described.

DESIGN OVERVIEW

The absorber consists of two major sections, as shown in
Fig. 1. The core, a section consisting of replaceable watercooled blocks, is shown inside the green box. It is enlarged
in Fig. 2. The core consists of an aluminum spoiler block
to initiate the particle shower, four aluminum mask blocks
with air space in the center to allow the shower to spread,
thirteen aluminum blocks to further distribute the heat load,
and four solid low carbon steel blocks. All the aluminum
in the core is 6061-T6. The beam power deposited into the
core during 2.4 MW operation is approximately 280 kW,
which is most of the incoming beam power into the absorber. Approximately, 120 kW is deposited into the surrounding steel and concrete shielding, which are air cooled.

ANALYSIS

Using MARS15 [1] energy deposition results as a basis
for heat load on the absorber and its core blocks, many iterative simulations between MARS and ANSYS have been
____________________________________________
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carried out to determine the final configuration of the absorber. The main driver of this optimization is reduction of
temperature and stress to acceptable levels for the materials
during both normal operation and accident scenarios.
Creep and fatigue effects have been considered when applicable. Aluminum core blocks are all water cooled via
four 1-inch diameter gun-drilled channels with 20 gallons
per minute per channel (gpm) volumetric flow rate. The
channels form four continuous loops. These loops are rotated by a 45-degree angle about the beam axis such that
they form a diamond-shaped pattern at the center of each
block. The spacing between each loop is 2.25-inch in the
beam-direction. The diagonals of the loops present on the
extremities of the block are 45-inch long, and those at the
center of the block are 34-inch. The machining of continuous loops is facilitated by welding plugs at the ends of each
gun-drilled path. Steel blocks are cooled via two 1-inch diameter stainless steel lines connected to the perimeter of
the block with 20 gpm flow per line. Simulations were carried out with two different water temperatures: 10 0C and
25 0C. CFD simulations were carried out for the aluminumsteel core block and surrounding steel assembly to predict
the worst-case steel temperatures. The air temperature and
average velocity were 25 0C and 15 m/s, respectively.

Steady State Operation
Steady state temperatures and stresses predicted by ANSYS thermal/structural simulations at various locations are
highlighted in Table 1 for 120 GeV operation.

Figure 1: Cross-section of the absorber through the beam
axis, the core is outlined by a green box.
Creep is a concern in aluminum when it is subjected to
elevated temperatures under high stress. Temperatures and
stresses predicted are well below the allowable values.
To determine the worst-case temperatures in the steel
surrounding the core, CFD simulations were done. Air
flowing through the 5 mm gaps separating each aluminumMC7: Accelerator Technology
T20 Targetry
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COMMISSIONING OF THE TRANSVERSE BUNCH-BY-BUNCH
FEEDBACK AT SPEAR3∗
K. Tian† , J. Corbett, X. Huang, N. Kurita, D. Martin, J. Safranek, J. J. Sebek
SLAC National Accelerator Laboratory, Menlo Park, CA, USA
D. Teytelman, Dimtel Inc., San Jose, CA, USA
Abstract
Driven by the demand to suppress transverse beam instabilities and develop novel short pulse operation modes in
the SPEAR3 storage ring, a wide-band transverse bunchby-bunch feedback system was recently commissioned for
SPEAR3. The system was demonstrated to be suﬃcient to
suppress the transverse coupled bunch instabilities caused
by trapped RF modes in one of the in vacuum insertion
devices. A new function of beam instability interlock was
developed and is part of the machine protection system for
the in vacuum insertion devices. In addition, the bunch-bybunch feedback system serves as an indispensable diagnostic
tool that enables us to measure machine parameters, beam
impedance, and characteristics of beam instability modes.
In this paper, we describe commissioning and performance
of the bunch-by-bunch feedback system at SPEAR3.

INTRODUCTION
SPEAR3 is a 3rd-generation storage ring with relatively
low beam impedance, a beneﬁt from the vacuum chamber
design experience of the PEP II storage ring [1]. Fast ion
instabilities [2] have been observed in SPEAR3 with 500
mA stored beam under degraded vacuum conditions, but can
be mitigated by introducing ion cleaning gaps in the bunch
train and improving the ring vacuum. Originally an iGp12
bunch-by-bunch (BxB) feedback processor with a narrow
bandwidth kicker was available to damp these instabilities
as well as resistive wall eﬀects.
With the addition of the BL15 in-vacuum undulator (IVU),
in SPEAR3, transverse coupled-bunch instabilities around
200 MHz were found at discrete insertion device (ID) gap
settings [3]. Due to the limited bandwidth of the original
kicker, these instabilities could not be suppressed by the BxB
feedback system. To solve this problem, a 4-electrode wideband kicker [4, 5] was recently borrowed from the Advanced
Light Source (ALS) and installed in SPEAR3.

SYSTEM OVERVIEW
The current transverse BxB feedback system in SPEAR3
consists of 1-cm diameter BPM button pick-ups, Dimtel
iGp12 feedback processors [6], two 500W RF ampliﬁers,
and the ALS BxB kicker rotated by 45 degrees with respect
to the beam axis to provide feedback in both horizontal and
vertical planes. The beta function values at the BxB BPM
∗
†
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pick-ups are βxm = 8.3 m and βym = 9.4 m, while those at the
kicker location are βxk = 10 m and βyk = 2.8 m. Even with
the small vertical beta function, feedback kick is suﬃcient
for keeping the beam stable vertically. At the same time,
applications requiring large driven motion, such as bunch
cleaning and resonant crabbing, demand high drive power.
To address this, we recently acquired two R&K 500W RF
ampliﬁers.
The output of each of the two R&K ampliﬁers is connected
to one of the two strip line pairs in the kicker so that they
can drive the beam using a push-pull scheme. Each Dimtel
BxB processor provides two actuator output signals: one is
in phase; the other is with 180o phase shift. The in-phase
signals from X and Y processors are combined and fed to
the input of one ampliﬁer, and the out-of-phase signals are
summed to feed the other ampliﬁer.

INSTABILITY CHARACTERIZATION
The BXB feedback system in SPEAR3 not only allows us
to suppress the transverse beam instabilities induced by the
BL15 ID but also enables us to carry out grow/damp measurements to characterize impedance that can drive beam
instabilities. The grow/damp technique requires the machine
to operate above the instability threshold with feedback controlling the instability. By programming the feedback loop to
be open for a short period of time, one allows the transverse
beam motion to grow in time. The feedback is then turned
back on and the beam motion is again damped. The data for
the BXB beam motion are then captured for modal analysis
including the growth and damping rates of the individual
coupled-bunch modes. During the BL15 measurements, in
order to achieve a uniform ﬁll pattern, the easiest case to analyse analytically, we ﬁlled all 372 RF buckets in SPEAR3 to
the 500mA current limit. Under the measurement conditions
ion instabilities have slow growth rates and are independent
of ID gap settings. In order to create more linear optics,
again for ease of analysis, the vertical chromaticity of the
storage ring was decreased to 0 from its normal operating
value of 2. The BL15 ID magnet gap was then scanned from
the minimum value of 6.82 mm to 7.6 mm with a step size
of 10 μm. Transverse high-order coupled bunch instabilities caused by the trapped RF modes in the IVU chamber
are excited over certain bands of ID gap values with fast
growth rates. From the grow/damp data at each gap value,
the growth rates can be obtained from exponential ﬁts the
the amplitude rise time of the dominant mode at each gap
setting.
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CONCEPT OF BEAM-RELATED MACHINE PROTECTION FOR
THE FUTURE CIRCULAR COLLIDER
Y. Nie†, Shanghai Eagle High Technology Co., Ltd., Shanghai, China
R. Schmidt, TU Darmstadt, Darmstadt, Germany
D. Wollmann, C. Wiesner, J. Uythoven, M. Zerlauth, CERN, Geneva, Switzerland
Abstract
In the Future Circular Collider (FCC) study, a protonproton circular collider (FCC-hh) is considered with a
stored beam energy 20 times higher than that of the LHC.
Any uncontrolled release of such energy could potentially
result in severe damage to the accelerator components.
Machine protection of the FCC-hh is hence very important and challenging. With a machine-protection strategy similar to the LHC, FCC would require up to three
turns to dump the beam synchronously after a failure
detection. Due to several possible ultrafast failures, which
could lead to significant beam losses in a few turns, it is
important to further reduce the reaction time of the machine protection system (MPS) for the FCC. Reducing the
detection time of a failure by using faster beam monitors,
e.g. diamond detectors, can reduce the time between a
beam loss and the beam dump request. Communication
delay of the interlock system to the beam dumping system
can be reduced by using a more direct signal path. More
than one beam-free abort gap will shorten the time required for the synchronization between the abort gap and
the extraction kicker. Different failure scenarios are classified according to the speed of the failure onset and the
subsequent increase of induced beam losses. The critical
failure modes, their potential mitigations and impacts on
the design of the MPS are presented.

IMPORTANCE OF BEAM-RELATED MACHINE PROTECTION
In the Large Hadron Collider (LHC), the energy stored
in one of the two counter-rotating proton beams reaches
360 MJ, assuming nominal beam parameters, i.e. 2808
bunches at 7 TeV with a bunch intensity of 1.15×1011
protons. This energy is sufficient to melt 500 kg of copper
when heated from room temperature. For the Future Circular Collider FCC-hh [1], the beams will be accelerated
up to 50 TeV in a 100 km tunnel. The nominal number of
bunches per beam will be 10 400 and the bunch intensity
will be 1.0×1011, leading to an energy of 8.3 GJ stored in
each beam, which is 20 times higher than at the LHC. As
the proton energy increases, the quench limit of the superconducting dipole magnets in terms of protons lost per
meter per second drops to 5×105 p+/(m s) at 50 TeV, 15
times lower than that of the LHC at 7 TeV. For many
failure cases, the beam energy would be concentrated on a
spot size smaller than 1 mm2, making it even more destructive if a beam accident occurs. In the case of the
50 TeV FCC beam and a normalized emittance of
___________________________________________
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εn,rms = 2.2 μm, the beam size will be 0.09 mm for a typical betatron function of 200 m. Thus, the beam energy
density will be of the order of 200 GJ mm-2, about a factor
of 150 higher than at LHC.
FLUKA simulations [2] have shown that one nominal
FCC-hh bunch with a beam size of 0.2 mm is already
sufficient to evaporate part of copper material around the
beam. A safe beam intensity, which is a vital concept for
the initial commissioning and setup of the machine at
50 TeV, has been defined as 5.0×108 protons to maintain a
reasonable safety margin with respect to the estimated
damage limit. This number is also important for the definition of the required dynamic range of beam instrumentation devices that will interact with the Machine Protection System (MPS). In a worst-case failure scenario, a
large number of bunches can be lost at the same place.
This could occur e.g. during beam injection or extraction
due to a wrong deflecting angle. If this happens, an effect
known as hydrodynamic tunnelling [3, 4] will become
significant, i.e. subsequent bunches will penetrate deeper
into the target because the material density around the
axis has been reduced substantially by the strong radial
shock wave generated by the previous bunches. To simulate this phenomenon, it is necessary to run an energy
deposition code like FLUKA and a hydrodynamic code
like BIG2 [4] or Autodyn [5] iteratively. Simulations
showed that the full 50 TeV FCC-hh beam would penetrate 350 m in copper with a beam size of σx,y = 0.2 mm
[6].

CLASSIFICATION OF FCC-HH FAILURE
MODES AND MITIGATION STRATEGIES
The criticality of beam-related failures depends on the
amount of beam energy lost and on the time scale of the
losses. Based on the speed of the failure onset and the
subsequent increase of induced beam losses, one can
distinguish three main failure categories as following:
• Ultrafast failures: This includes single-passage beam
losses during injection and extraction [7], ultrafast
equipment failures like phase jumps of crab cavities
leading to intense beam losses within a few turns [8],
missing beam-beam deflection during beam extraction [9] or quench heater firings [10]. Since the failure occurs on a timescale that is smaller than the
minimum required time to detect and extract the
beam, protection from such specific failure cases relies entirely on passive protection devices, i.e. beam
absorbers and collimators that need to be correctly
positioned close to the beam to capture the particles
that are accidentally deflected.
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MICROTCA BASED LLRF CONTROL SYSTEMS FOR TARLA AND NICA
P. Nonn∗ , Ç. Gümüş, C. Kampmeyer, H. Schlarb, C. Schmidt, T. Walter, DESY, Hamburg, Germany
Abstract
The MicroTCA Technology Lab (A Helmholtz Innovation Lab) is preparing two turn-key Low Level RF control
systems for facilities outside of DESY. The Turkish Accelerator and Radiation Laboratory in Ankara (TARLA) is a
40 MeV electron accelerator with continuous wave (CW)
RF operation. The MicroTCA based LLRF system controls
the RF of two normal conducting and four superconducting
cavities and cavity tuning via motors and piezo-actuators.
The Light Ion Linac (LILAC) is one of the injectors for
the Nuclotron-based Ion Collider Facility (NICA) in Dubna,
Russia. It will provide a 7 MeV/u pulsed, polarized proton
or deuteron beam. The MicroTCA based LLRF system will
control five normal conducting cavities, consisting of one
RFQ, one buncher, one debuncher and two IH-cavities. MicroTCA Technology Lab is cooperating with BEVATECH
GmbH, Frankfurt, Germany, who designed the cavities.
This paper gives a brief overview of the design of both
LLRF systems as well as the status of their assembly.

INTRODUCTION
MicroTCA is an open, modular hardware standard,
based upon the Advanced Telecommunication Architecture (ATCA). It is regulated by the "PCI Industrial Computer Manufacturers Group" (PICMG), a non-profit consortium [1]. The crate standard MicroTCA.4 was developed to
cater the needs of scientific equipment. It includes features,
such as improved precision timing, enhanced rear connectivity and increased PCB area [2]. Low level RF control
systems based on MicroTCA.4 is reliably operating in largescale accelerator facilities, such as the European XFEL and
the FLASH at DESY, Germany [3, 5].
The MicroTCA Technology Lab was founded to transfer
the knowledge and expertise, gathered in decades of accelerator development and operation at DESY, to other scientific
facilities as well as the industry. After its start-up phase, the
MicroTCA Technology Lab is now in operation and working
on various project, two of which concern the implementation
of a MicroTCA-based LLRF control for installations outside
of the Helmholtz Association.

Table 1: TARLA Electron Beam Parameters
Parameter
Beam Energy
Max. Average Beam Current
Max. Bunch Charge
Bunch Length
Bunch Repetition Rate
Macro Pulse Duration
Macro Pulse Repetition Rate
Horizontal Emittance
Vertical Emittance
Longitudal Emittance

Value
0 – 40
1.5
115
0.3 – 6
0.001 – 52
10 – cw
1 – cw
<15
<12
<85

Unit
MeV
mA
pC
ps
MHz
µs
Hz
mm mrad
mm mrad
mm mrad

vided for the production of Bremsstrahlung and fixed target
experiments [6].

Overview of the LLRF System
The LLRF system at TARLA, similar to the system in
Fig. 1, controls six cavities, two of which are normal conducting bunchers. The remaining four cavities are superconducting, Tesla-type 9-cell cavities [7], assembled pair-wise
in two cryostats. One of the bunchers is subharmonic and
will be operating at 260 MHz, while the remaining cavities
are operated at 1.3 GHz. Additionally to the field control,
the LLRF will also control the frequency tuning of all six
cavities, as well as fast microphonics suppression via piezos
for the superconducting cavities.
The LLRF system consists of six SIS-8300-L2 [8] digitizers, one of which will be paired with a DRTM-DS8VM1
direct sampling board for operation at 260 MHz. The remaining five boards (DRTM-DWC8VM1) will use downmixing from 1.3 GHz to 54 MHz, which will then be sampled with 65 MS/s at a resolution of 16bits. Two DAMCFMC25 carrier AMCs will carry two motor driver FMCs

THE TURKISH ACCELERATOR AND
RADIATION LABORATORY IN ANKARA
(TARLA)
TARLA is the first Turkish particle accelerator facility.
The accelerator will deliver an electron beam to drive a free
electron laser (FEL), which will generate mid to far infrared
(3–250 µm) laser light. The electron beam parameters are
listed in Table 1 [4]. Additionally, electron beam is pro∗

Figure 1: Controlling 1.3 GHz Buncher Cavity at TARLA.

patrick.nonn@desy.de
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EFFECT OF GROUND MOTION INTRODUCED BY HL-LHC CE WORK
ON LHC BEAM OPERATION∗
M. Schaumann† , D. Gamba, M. Guinchard, L. Scislo1 , J. Wenninger,
CERN, Geneva 23, CH-1211 Switzerland
1 also at Cracow University of Technology, 31-155 Cracow, Poland

Abstract

The oﬃcial groundbreaking of the civil engineering (CE)
work for the high luminosity upgrade of the LHC started on
15 June 2018 parallel to LHC beam operation. Compactor
work and shaft excavation around the two low beta experiments, ATLAS and CMS, were expected to induce vibrations
to the accelerator magnets and cause orbit disturbance, beam
loss and potentially premature beam dumps. Ground motion
sensors were installed on the surface and close to the triplets,
where the CE works were expected to have the largest impact
on the beams. This paper discusses the observations made
on the LHC beams that could be correlated to CE work.

INTRODUCTION

Seismic activity from natural, such as earthquakes, or
cultural (human-made) sources, including civil engineering
works, excite ground vibrations that can be transmitted on
to the circulating beam through the accelerator elements.
The main eﬀect is the change of the beam position (orbit)
all along the circumference of the accelerator due to the
displacement of the quadrupoles. If the orbit changes are too
large and too fast, beam losses on the collimators will lead to
a beam abort. Repeated beam aborts will aﬀect the integrated
luminosity performance. Smaller, but frequent excitation
could aﬀect luminosity production by the reduction of the
beam overlap at the interaction points (IP) [1].
Earthquakes are rare events and their eﬀect on the LHC
beam depends on their magnitude and distance of the epicentre. Many such events were observed on the LHC beams,
but so far no beam dump was caused [2].

HL-LHC Civil Engineering

CERN deployed a seismic network in the beginning of
2017 [3] in collaboration with the Swiss Seismological Service (SED) in view of future ground motion sensitive projects
that are planned in parallel to the LHC beam operation, such
as High Luminosity LHC (HL-LHC) civil engineering [4]
and geothermal exploitation in the Geneva canton (Geothermie2020 [5, 6]).
The HL-LHC project requires new large infrastructures
and services for powering and cooling of the new inner
triplet quadrupoles and RF crab-cavities around the two
main experiments ATLAS (IP1) and CMS (IP5). HL-LHC
CE campaign started in April 2018 with diﬀerent types of
surface works, e.g. the construction of new infrastructure
∗
†

Research supported by the HL-LHC project
michaela.schaumann@cern.ch
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and buildings, before the oﬃcial ground breaking on 15 June.
The excavation of the shafts started mid of August.
The risk of vibrations generated by CE was evaluated
carefully [4, 7] and seismic sensors were installed in critical
locations on the surface and underground close to IP1 and
IP5. The ﬁrst year of data taking was used to collect reference
measurements. Once CE works began, the seismic activity
in the LHC tunnel was monitored constantly. In order to
quantify the impact on LHC operation from an early stage,
a warning system was setup to trigger when the vibration
levels exceeded a threshold.

Beam Observables
Beam observables, such as orbit, luminosity, beam intensity and losses were analysed in comparison to ground
motion activity especially when a warning was triggered.
Particularly for this purpose the existing instrumentation of
the transverse dampers (ADT) [8, 9] and the Beam Position
Monitors (BPM) with DOROS readout [10] were extended
to capture and log beam spectra, allowing to investigate the
ground vibration frequencies ampliﬁed on the beam.
The logged ground motion spectra are calculated from the
position data over the last minute and are logged three times
per minute. The ADT spectra are calculated from position
data of the ﬁrst 10 seconds of each minute and therefore
contain only a snapshots of every sixth 10 s window. This
reduced resolution and only partial time coverage has to be
kept in mind when comparing to ground motion spectra.
Certain eﬀects will be washed out and appear less evident.

OVERVIEW 2018
During the whole period from April to December 2018
several types of CE work have been performed, using a
variety of tools inducing vibrations in diﬀerent frequency
ranges. Figure 1 shows the rms motion obtained from ground
motion and ADT beam spectra measurements within four
selected frequency bands during LHC luminosity production
in 2018. Compressing the individual frequency information
into the rms of a frequency band helps to quickly identify
when ground motion activity is picked up by the beams.
Once correlations are identiﬁed, the full spectra and beam
evolution data are investigated in detail (the next section
gives an example for LHC ﬁll number 6757).
The presented analysis focuses on the vertical plane, since
CE activity primarily excites vertical ground vibration [11]
and thus this is the main direction in which the triplet
quadrupoles will react and transmit the movement to the
beam.

MC1: Circular and Linear Colliders
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STABILITY AND RELIABILITY ISSUES OF PAL-XFEL MODULATOR*
S. H. Kim, S. S. Park, C. K. Min, K. H. Kim, Y. J. Park, H. S. Kang, H. S. Lee,
Pohang Accelerator Laboratory, Gyeongbuk, South Korea

Abstract
The Pohang Accelerator Laboratory X-ray Free-Electron
Laser (PAL-XFEL) employs 51 units of the pulse modulator in order to obtain the 10 GeV electron beam, which
drive one X-band to linearize and 50 S-band klystrons. The
PAL-XFEL requires very tight control of the klystron RF
phase jitter 0.03-degree for S-band RF, 0.1-degree for Xband RF and the beam voltage stability of below 50 ppm.
The RF phase jitter is directly related to the amplitude stability of modulator output pulses. There are several factors
to satisfy the stability and reliability for the PAL-XFEL
modulator. The largest sources of pulse-to-pulse instability
are a current charging power supply (CCPS) for PFN
charging, a thyratron switch, and a klystron focusing magnet power supply (MPS). In this paper, the operation and
debugging results of those devices are described.

Stability Measurement
The experimental devices were set up to measure the
modulator stability from PFN, beam voltage, and beam
current as shown in Fig. 1. To obtain high precision of the
voltage stability, we used a high voltage probe (VD60
Ross) which is very stable in temperature fluctuation. On
the PFN, beam voltage, and beam current waveform, the
zero offset is defined by a differential amplifier
(DA1855A, Lecroy) setting a band width of 100 kHz. To
display the histogram, an oscilloscope (DPO7104, Tektronix) equipped with a high resolution mode in an acquisition
mode is used.

INTRODUCTION

In order to obtain the electron beam energy of 10 GeV
from PAL XFEL, We are expecting to employ 51 units of
pulse modulators with matching klystrons. Among the 51
units, s-band types are fifty units, and x-band type is one.
The requirements of a beam voltage stability and RF phase
stability are 50 ppm (std), 0.03-degree (S-band), and 0.1degree (X-band), respectively [1]. The high precision
CCPS has been employed to meet the requirement for the
modulator stability. It is very important to reduce the pulseto-pulse instability in the PAL-XFEL facility. In order to
fulfill these requirement:
 Improving the beam stability in the pulse modulator
system.
 Modifying a thyratron snubber & grid circuitry, and
ranging the thyratron reservoir voltage.
 Exchanging a SCR type of MPS with a FET type.

CCPS

Figure 1: Test device for a stability measurement.

PFN Charging Voltage Waveform
The capacitance of PFN in the 200 MW PAL-XFEL
modulator is 1.4 s, and the test operation condition is 42
kV at 60 Hz. The load is Toshiba s-band klystron (E37320).
Figure 2 shows the expanded precision charging voltage
waveform and control of voltage waveform in the regulation section of PFN. The size of the precision voltage in the
regulation section is less than 2 V.

The modulator employees a high efficiency capacitor
charging power supply that utilizes a high frequency, series
resonant inverter topology. The power supply is
specifically designed for constant current capacitor charging. It decides the rf phase and amplitude stability of a klystron output. Because a change in the output voltage of the
CCPS is associated with the change of the klystron beam
voltage, it varies the electron beam velocity in the drift tube
of the klystron. With the help of the CCPS, the modulator
system is naturally compact in spite of a 200 MW modulator power.
___________________________________________
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Figure 2: PFN charging voltage.
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STUDY ON THE INFLUENCE OF THE RANGE SHIFTER MATERIAL IN A
SCANNING NOZZLE FOR PROTON THERAPY BASED ON MONTE
CARLO METHOD *
Y.C. Yu, P. Tan†, Y.J. Lin, Y.Y. Hu, X.D. Tu, H.D. Guo, L.G. Zhang, X.Y. Li
State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
School of Electrical and Electronic Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Abstract
Range shifter plays a key role in decreasing the energy
of the proton beam to realize shallow tumours treatment
with the scanning nozzle in Huazhong University of
Science and Technology Proton Therapy Facility (HUSTPTF). To control the transverse scattering and decrease the
damage to healthy tissue caused by secondary particle,
influence of the range shifter material was studied. In this
paper, the Monte Carlo software Geant4 and FLUKA are
applied to analyse the transport process of proton beam in
the range shifters made of six different materials: PMMA,
Lexan, Lucite, Polyethylene, Polystyrene, and Wax. The
beam spot sizes at the iso-center with or without range
shifter was calculated for the HUST-PTF scanning nozzle.
The relationship between the thickness of the range shifters
of the six materials and the proton energy was obtained.
The secondary neutron yield at the end of the nozzle was
also analysed.

INTRODUCTION

Proton therapy is now developing rapidly around the
world. The Huazhong University of Science and
Technology Proton Therapy Facility (HUST-PTF) adopt an
active scanning nozzle to provide 70-230 MeV proton
beam for treatment. The range for the proton beam in water
is determined by the initial energy [1], as shown in Fig. 1.
However, for the shallow tumours, effective treatment
cannot be obtained due to the limitation of minimum
energy of 70 MeV. So the range shifter is applied to
decrease the energy of the proton beam, enabling shallow
tumours to be treated.
The scanning nozzle is mainly composed of a pixel
ionization chamber, a helium pipe, a dual integral plane
ionization chamber, two scanning magnets and a range
shifter as well as a series of mechanical support structures,
as shown in Fig. 2. Due to the Coulomb's scattering in the
air and the collision with the materials, the energy loss and
transverse scattering of proton beam in the nozzle will be
brought.
After applying the range shifter, due to its blocking
effect on the proton beam, it will increase the transverse
scattering of the beam, also, the lateral penumbra will be
greater and the requirement for treatment cannot be meet.
At the same time, secondary particles, including neutrons

* Work supported by National Key R&D Program of China
(No.2016YFC0105308)
† tanping@mail.hust.edu.cn
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will be brought during the elastic and inelastic collision of
with the target nucleus. Neutrons have a strong ability for
penetration, and the biological effect of inducing tumours
is high, and is much more serious than the same dose of Xray and gamma rays [2]. In this paper, the beam
parameters, the structure and materials of the components
of the nozzle system are designed and calculated according
to the actual parameters of HUST-PTF, and Fig. 3 shows
the nozzle model in Geant4. Six materials commonly used
as range shifters were used for analysis.

Figure 1: The proton beam dose distribution in water.

INFLUENCE ON BEAM SPOT SIZE
The spot size at the iso-center plane with 100/200MeV
proton beam passing through the range shifter is analysed
in Geant4, when the range shifters are made of six different
materials: PMMA, Lexan, Lucite, Polyethylene,
Polystyrene and Wax respectively. And the distance
between the range shifter and the iso-center plane is set as
5, 10, 20, 30, 40, 50cm respectively. The results of the spot
size at the iso-center after the proton beam passed through
the nozzle are presented in Fig. 4. The energy loss in each
material range shifter maintains the same.
The spot size after the proton beam passed through the
range shifter made of Polyethylene and Wax are only 1.7%
larger than the situation without range shifter when they are
placed 5cm away from the iso-center, which is significantly
small. While the air gap increased to 50cm, the spot size
with PMMA, Lucite and Lexan are larger than 130% the
situation without range shifter, followed by the range
shifter made of Polystyrene of 128% larger than the below
situation. And when using the range shifter made of
Polyethylene and Wax, spot size at the iso-center plane are
about 108% larger than the below circumstance. The
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DEVELOPMENT OF CRYOGENIC SUSPENSION IN THE ANU 8T SUPERCONDUCTING SOLENOID WITH IRON YOKE
S. T. Battisson†, T. B. Tunningley, N. R. Lobanov and D. Tsifakis, Department of Nuclear Physics,
RSPE, Australian National University, Canberra, Australia
J. F. Smith , Department of Physics, University of Surrey, Guildford, UK
Abstract
An 8 Tesla superconducting solenoid was commissioned
at The Australian National University to make precision
measurements of fusion cross-sections. Forces between the
solenoid and the iron yoke that houses it must always be
maintained within safe limits and precision location of the
solenoid coil is necessary to achieve this. Thermal contraction of components can impact the locating structure of the
solenoid coil, leading to unsafe forces. Improvements to
this structure allowed successful completion of the first fusion measurements with the 8T solenoidal separator, and
demonstrated that it is now ready for a program of fusion
measurements.

INTRODUCTION
A light radioactive ion beam (RIB) capability is being
developed at the Australian National University (ANU).
The basic design features of the separators, based on the
superconducting solenoid with iron yoke, have recently
been covered in Ref. [1-3]. The aim of the beam transport
system is to efﬁciently transport and focus the secondary
beam of interest onto the reaction target and suppress the
undesired reaction products and intense scattered primarybeam projectiles. The ratio of undesired particles to particles of interest is 109 to 1. The high axial magnetic field
(8T) produced by the superconducting solenoid coil will
transport the elastically scattered beam particles back to the
beam axis, either inside or beyond the solenoid. Evaporation residues, due to their larger magnetic rigidity, will be
focused at a different (further) point. The 8.0 T super-conducting magnet, manufactured by Oxford Instruments
Omicron NanoScience, operates in dry, Cryofree® mode
by conduction cooling using a cryo-cooler rather than bath
cooling in liquid helium [4].
For applications in a separator, the magnetic field, at a
certain distance away from the magnet aperture in the target and detector regions, should become sufficiently small
since it is undesirable that (a) the direction of the beam and
elastically scattered particles be affected and (b) the detector operation be influenced by the presence of the very
strong magnetic field. Preventing a high magnetic field in
regions external to the solenoid also minimises health and
safety issues [5].
For small scale systems, the iron yoke over the coil has
been found to be the most cost effective method of providing the required magnetic shielding. Moreover, the iron
gets magnetized such that it adds to the central field generated by the coil. The magnet’s cryostat shielded by an iron
yoke is shown in Fig. 1.

Figure 1: External view of device with upper bars of iron
yoke and conical nose removed.
The yoke is made of 1010 steel which is a low carbon
(0.08–0.13%) type. The 3.4 ton yoke includes two end
ﬂanges of 125 mm thickness and 925 mm diameter. The
end ﬂanges distribute the magnetic ﬂux into eleven ﬂux return bars which surround the magnet. In addition to the
yoke, a 1010 steel plug is placed in the entrance to the solenoid reaching forward toward the target with the aim to
minimise the change in trajectory of the elastically scattered beam particles travelling to the monitor detectors.
The four monitor detectors are located in separate small
chambers machined in the iron, pointing at the target. As a
result of this cone, the magnetic field in the cylindrical apertures is ~15 G maximum while the field in the surrounding iron is about 104 G.
Such a cone cannot be used at the other end of solenoid,
since, in some cases, the desired fusion products exit the
solenoid with their focus at infinity i.e. parallel to the axis
of the solenoid. The asymmetrical distribution of iron at the
entrance and exit of the solenoid means that the coil would
experience a net axial force if it was in the geometric centre
of the yoke (radial forces are self- centring). To compensate
for this force, the cryostat is offset along the axis of the iron
yoke to balance the axial force when the cone for the original use of the solenoid is in place.
Mechanically the superconducting solenoid consists of
four main components: cryostat, coils, supporting rods and
iron shield. The coil, supported by radial and longitudinal
rods, is mounted in a vacuum enclosure and shielded by a
50 °K cryogenically cooled super-insulated radiation
shield. The axial and radial position of the cryostat inside
the iron yoke can be adjusted by external means. The axial
movement allows the elimination of out-of-balance forces
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SIRIUS PRE-ALIGNMENT RESULTS
R. Junqueira Leão, G. Rovigatti de Oliveira, H. Geraissate Paranhos de Oliveira,
U. R. Sposito, F. Rodrigues,
Brazilian Synchrotron Light Laboratory, Campinas, Brazil

Abstract
Sirius is a 4th generation synchrotron light source under
final installation and beginning of commissioning phase in
Brazil, with a bare emittance of 250 picometer rad. In order
to fulfil stability requirements (maximum magnets displacement of 6 nm caused by vibration) imposed to achieve
expected performance, the mechanical assembly of supporting structures and magnets were designed without adjustment mechanisms. Yet, the misalignment errors of the
magnets are the dominating source of dynamical aperture
reduction, leading to a maximum permissible deviation of
40 micrometers between adjacent magnets. To this end, dimensional engineering was applied to conceive an alignment concept for magnets on a same girder based solely on
the geometric characteristics of the parts. For the large volume positioning of girders in the storage ring tunnel, the
applied methodology followed a strategy optimized to reduce measurement uncertainty, as described in the literature. This paper will present the complete measurement
process that led to the pre-alignment of Sirius, from the deployment and survey of reference networks to planning future fine alignment of the machine. To express a consistent
and unequivocal alignment result and assess the alignment
quality considering the measurement uncertainty, an innovative metric described previously was employed. This
work will show that the positioning of girders satisfies the
requirement of 80 micrometer. Also, the devices and mechanisms used for assembling will be detailed. Inspection of
full girder set performed on a Coordinate measuring machine shows a maximum deviation of 30 micrometers for
any pair of magnets on a common girder.

INTRODUCTION

In the campus of the Brazilian Center for Energy and
Materials – CNPEM, in the Brazilian city of Campinas,
there is a large effort in the development of a fourth-generation light source, called Sirius. This synchrotron is in the
installation and commissioning phase, with first beam in
the storage ring intended for late this year [1].
The requirements in terms of alignment [2] are compatible with the current state-of-the-art 3D measurement techniques and portable instruments such as laser trackers.
However, the demands with respect to stability [2] means
that the fewer adjustment devices and movable parts, the
better. To this end, the alignment design was broken down
to two different approaches.
The inter-girder alignment uses traditional metrologyassisted positioning, whereas the intra-girder alignment
makes intensive use of design choices to achieve a relative
positioning based solely on simple tooling. This paper will
THPTS002
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present these solutions and the preliminary results of alignment activities and validation experiments.

ALIGNMENT DEVELOPMENT
The alignment tolerances for Sirius are 0.160 mm for the
Booster magnets and 0.080 mm for the Storage Ring girders. For the Storage Ring magnets, a tighter tolerance of
0.040 mm is required [2].

Infrastructure
The reference network was adjusted after a preliminary
network installed and surveyed in the Experimental Hall
(average point uncertainty of 0.250 mm, 150 points) and a
local network was installed and measured inside the Linac
tunnel (average point uncertainty of 0.150 mm, 70 points).
The Storage Ring network was then measured and connected to the previous networks. It has approximately
1200 points, with an uncertainty of 0.106 mm (uncertainties estimated using a confidence interval of 95 %). Both
the design and the surveying procedure of this network intend to reduce measurement uncertainty [3].

Linac
The complete Linear Accelerator was manufactured by
the Shanghai Synchrotron Radiation Facility – SSRF and
its alignment was conducted in cooperation with their technical team. It consisted in guiding the magnets fiducials to
their designated position, with the help of laser trackers,
followed by a straightening process of the accelerating
tubes. This operation employed measuring arms and iterative adjustment cycles. At last, a refinement (often called
smoothing [4]) process was applied, in which the position
of the fiducials was better estimated through the Unified
Spatial Metrology Network – USMN algorithm [5]. The
alignment took one month, and the result was better than
0.3 mm for all its components.

Booster
As-built measurements have shown deviations in the order of 10 to 20 mm in the walls of the radiation shielding,
where the Booster is supported. Although these deviations
are quite small for civil construction, they would be large
enough to jeopardize the horizontal alignment mechanisms
designed for the Booster pedestals. Therefore, the first step
in aligning the Booster was to measure all the fixation
points and shim them all. This would pre-align all the supports and consequently the range for fine alignment purposes in all the components would be preserved.
The next step was to pre-align the Booster. Special target
holders were devised to materialize the corners of the magnet yokes, which were put in their nominal coordinates.
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THE SIRIUS HEATING SYSTEM FOR THE IN-SITU NEG ACTIVATION
P. H. Nallin†, G. R. Gomes, R. O. Ferraz, R. M. Seraphim, F. G. R. Carrera, F. A. M. Pinto, D. R.
Cavalcante, P. P. S. Freitas, M. Bacchetti, J. G. Hidalgo, R. T. Neuenschwander, A. R. D. Rodrigues
Brazilian Synchrotron Light Laboratory, Campinas, Brazil
Abstract
Sirius is a 3 GeV fourth-generation synchrotron light
source under commissioning in Brazil, with 518 m circumference and a bare lattice emittance of 0.25 nm.rad. This
ultra-low emittance machine is based on approximately
700 magnets with 28 mm typical gap. The standard vacuum
chamber, that makes up around 80% of the circumference,
is a 26 mm external diameter copper tube. Due to the small
conductance of the chambers and the limited space between the magnets, the vacuum pumping will be based on
distributed concept and then non-evaporable getter (NEG)
coating will be extensively used. To activate the NEG coating, the chambers must be heated at 200°C for about 24
hours. The solution for Sirius was the development of an
ultra-thin heating tape, 0.4 mm thick, which allows an insitu bake-out. The developed tapes are able to operate continuously at 220°C and have in their design a thermal shield
that reduces the radiation heat loss to the magnets. This paper describes the development of the heating tape, its
power supply, the control software and the operation of the
system during the NEG activation at Sirius.

INTRODUCTION
Sirius, like other 4th generation machines, is based on the
concept of multi-bend-achromat (MBA) [1]. This model
impacts several subsystems of the accelerator in a chain reaction which, in the case of vacuum, implies in reduction
of the diameter of the chambers and limitation of space for
localized pumping. An alternative is the use of the NEG
coating, which provides a distributed pumping. In addition
to the challenges of achieving NEG coating in narrow
chambers, there is still the challenge of activating the film
at 200 °C.
In the case of Sirius, it has been chosen to develop an insitu activation system, with heating tapes permanently installed in all vacuum chambers, providing indirect temperature measurements and a reduced quantity of temperature
sensors. Crates containing power supplies, data acquisition
system and control software were also developed in-house,
along with graphical user interface.

HEATING TAPES
The Sirius storage ring has a circumference of 518 m, of
which about 80% is filled with cylindrical geometry copper
vacuum chambers with a 26 mm outer diameter. The other
20% is formed by special chambers, such as the photon
†

beam exit pipes, bellows, valves, beam-position monitors
(BPMs) and vacuum instrumentations.
For regions with enough space, more traditional solutions were adopted, with heating jackets, tailor-made for
each component, equipped with Pt100 type sensors for
monitoring the temperature.
For the majority of the chambers of the storage ring,
where there is a very limited gap to the magnets, ultra-thin
tapes (thickness less than 0.4 mm) were developed for both
round and complex geometry chambers. The temperature
control of the ultra-thin tapes is based on the variation of
the tape's electrical resistance.
The ultra-thin tape is based on a multilayer concept (Fig.
1) that uses the Dupont HT 8525R material, commonly
used for manufacturing flexible circuits. This material is
composed of a polyimide film of 50 µm in thickness, covered with a copper film of 18 µm in thickness. The copper
side is chemically milled leaving a copper track whose
length and width were calculated according to the desired
power density. The apparent copper side is then glued to a
polyimide bonding film. Finally, on the top of the bonding
film is glued a 75 µm aluminum foil. The complete multilayer joining process is done in a heated press according to
the manufacturer's instructions.

Figure 1: Developed ultra-thin heating tape.
The aluminum cover is used to uniformize the tape temperature, reducing the chances of hot spots, reducing radiation heating loss to the magnets and helping to shape the
ribbon geometry. Once wrapped around the chamber and
heated, it tends to maintain the shape of the chamber (Fig.
2). In this way, the tapes are fixed to the chambers by using
few polyimide adhesive tapes in a way that the heating
tapes are free to slide on the chamber. This fixing concept
allows both materials to freely expanding due to their different thermal expansion coefficients.

patricia.nallin@lnls.br
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UPGRADE OF THE CANADIAN LIGHT SOURCE
BOOSTER RF SYSTEM TO SOLID STATE
J. M. Patel, D. Bertwistle, J. Stampe, Canadian Light Source, Saskatoon, Canada.
A. Borisov, A. Bachtior, N. Pupeter, Cryoelectra GmbH, Wuppertal, Germany.
P. Hartmann, TU Dortmund University, Dortmund, Germany.

Abstract
The Canadian Light Source synchrotron (CLS) had first
light in 2004. For the last 14 years of operation we have
exclusively used klystrons to provide RF power to our
LINAC, booster, and storage ring. The klystrons represent
a single point of failure for the operation of our booster and
storage ring. This is especially poignant in the case of our
booster ring klystron which is no longer manufactured. We
have chosen to move to solid-state amplifier (SSA) RF
technology for its implicit high redundancy, modularity,
ease of maintenance, and efficiency. Herein we review the
performance parameters of our upgraded booster RF to a
100 kW 500 MHz transmitter built by Cryoelectra (Fig. 1).

INTRODUCTION

The CLS is a 2.9 GeV synchrotron with multiple RF systems. The LINAC is a 250 MeV linear accelerator that operates at 2856 MHz with 6 klystrons powering 2 Varian and
4 SLAC sections. The 2.9 GeV storage ring operates with
a single CESR-B superconducting RF cavity operating at
500 MHz and powered by a CW 310 kW klystron. The
Booster ramps from 250 MeV to 2.9 GeV using an E2V
klystron with a peak power of 75 kW at 500 MHZ to provide RF to two PETRA five cell cavities.

Figure 1: CLS booster solid-state amplifier RF block diagram [1].
There were operational limitations imposed by the
booster klystron, the tubes are no longer manufactured
which equates to a high risk single point of failure, but
there is also one remaining spare. Based on quantum lifetime calculations, we also determined that increasing the
voltage in the cavities decreases the current lost during extraction from booster (See Fig. 2) [2]. The overall power
from the transmitter is presently limited by the cavity couplers which are rated for 40 kW CW.

THPTS006
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Figure 2: Comparison of measure booster current (coloured
traces) with calculations based on quantum lifetime (black
curves) for various cavity gap voltage with extraction time
marked with red line [2].
The new SSA for the booster was designed and manufactured by Cryoelectra to CLS specifications. It includes
21 RF power modules, each with an output power of (1.1 x
4) kW, at a drain voltage of 46 V, P1 operating point. A
module consists of eight LDMOS BLF578XR power transistors soldered on copper carrier which are bolted onto the
surface of a massive water cooled copper heat sink. Each
pair of transistors are summed in a stripline combiner, to
produce four 1.1 kW outputs per module. The RF output
of the modules are combined in four 21-to-1 way coaxial
combiner. These four combiners feed a waveguide combiner to give amplifier output power of 104.4 kW through
WR1800 waveguide.
The cables selected to run from RF module output to 21to-1 way combiner are robust and have high safety rating
for operation at high temperature. The trade-off for robustness and safety is high cable losses.
The SSA is a closed cabinet assembly. Figure 3 shows
the SSA amplifier installed at CLS. The first cabinet from
left is the mains cabinet followed by control cabinet,
ACDC station, RF station and Combiner cabinet. All the
cabinets are air cooled, while the RF power modules are
water cooled.
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MYRRHA 80 kW CW RF COUPLER DESIGN
Y. Gómez Martínez, M.A. Baylac, D. Bondoux, F. Bouly, P.O. Dumont, LPSC
(UJF-CNRS/IN2P3-INPG), Grenoble, France
S. Blivet, C. Joly, J. Lesrel, H. Saugnac, IPNO, Orsay, France
W. Kaabi, LAL, Orsay, France
Abstract
MYRRHA [1] (Multi Purpose Hybrid Reactor for High
Tech Applications) is an Accelerator Driven System (ADS)
project. Its superconducting linac will provide a 600 MeV
- 4 mA proton beam. The first project phase based on a
100 MeV linac is launched. The Radio-Frequency (RF)
couplers have been designed to handle 80 kW CW at
352.2 MHz.
This paper describes the thermal, mechanical and RF
studies leading to the final design of the RF coupler.

The absence of modal frequency under 50 Hz has also
been verified, as requested by the specifications (Fig. 2).

INTRODUCTION
The coupler aims to transfer energy from the RF source
to the accelerating cavities of the linac. It also provides a
vacuum and a thermal barrier between air and the superconducting cavity while preserving its cleanliness. The
coupler allows some mechanical flexibility to compensate
differential thermal expansions and mechanical misalignments. As part of an ADS, the MYRRHA coupler is laid
out for the highest achievable reliability. To improve the
reliability, the coupler is operated well below its maximum
performance (nominal power is 8 kW CW and 20 kW CW
in the fault-tolerances schema [2]) and the redundancy of
the diagnostics is used (example: two vacuum gauges used
rather than one).

Figure 1: Main elements of the power coupler.

DESIGN OVERVIEW
The power coupler is made of three main elements
(Fig. 1):
 A ceramic window with an inner coax (antenna) and
an outer coax (shaft) brazed on a high purity alumina
ceramic,
 A double input tee, with, on one side, a flange to bring
RF power, and on the other side, a special short stub,
to bring cooling pipes all the way up through the antenna,
 A barometric compensator, to minimize mechanical
load on cavity. This load is due to differential pressure
between inner cryomodule pressure and atmospheric
pressure.
The coupler allows some mechanical flexibility to compensate differential thermal expansions and mechanical
misalignments thanks to bellows.
The resistance of the RF coupler submitted to various
sets of operation static loads (differential pressures and
connection efforts from RF bellows and compensator bellows) has been checked by using finite element simulations: substantial safety margins have been observed for all
simulated configurations.
MC7: Accelerator Technology
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Figure 2: First vibration mode (antenna bending) at 72 Hz,
cut view.

THERMAL BEHAVIOUR
The power coupler must not transmit excessive heat load
to the superconducting Spoke cavity. This heat load is the
sum of two components:
 A conductive component through the shaft of the coupler which links the barometric compensator at ambient temperature to the Spoke cavity at 2 K.
 A radiative component of the coupler hot surfaces towards the inner cold surface of the Spoke cavity.
Distributed heat sources originate from the Joule effect
induced by the RF waves at the outer surface of the coupler
antenna, at the inner surface of the outer conductor and
from dielectric losses in the ceramic disk.
THPTS007
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PROSPECTS OF ADDITIVE MANUFACTURING FOR ACCELERATORS∗
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Abstract
Additive manufacturing allows the production of mechanical components often much faster than traditional manufacturing. Several accelerators components built using additive
manufacturing have already been qualified for use in accelerator. A workshop was held in Orsay in December 2018
to discuss the prospects of using additive manufacturing for
particle accelerators and particle detectors. We report here
on the prospects as far as accelerators are concerned.

INTRODUCTION

Metal additive manufacturing (i3D) is a fast growing field
where mechanical parts are built by adding layers one by one
(by opposition to conventional manufacturing where usually
a block of materiel is machined to remove matter). To see
how this new technique will impact the field of accelerators
and particle detectors a workshop was organised on the
topic in Orsay in December 2018. The programme of the
workshop and the presentations given at that occasion are
available at http://programme.i3d-metal.fr/ and at
https://indico.lal.in2p3.fr/event/4990/timetable/

and we give here some results that came out of this
workshop.

ADVANTAGES AND CHALLENGES OF
METAL ADDITIVE MANUFACTURING
APPLIED TO ACCELERATORS

During the workshop we discussed the advantages and
the challenges of additive manufacturing applied to particle
accelerators.
The following advantages were noted:

∗
†

• New shapes: Additive manufacturing allows to produce shapes that would not be possible with conventionnal means. Among them we note:
– Embedded cavities: Such cavity can be produced
in additive manufacturing. During the manufacturing process the cavity will be filled with powder so there must a hole in the cavity for emptying
it.
Work supported by the P2I department of University Paris-SaclayXXX.
delerue@lal.in2p3.fr
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– Cooling channels: Similarly to cavities, winding
cooling channels close from the area to be cooled
can be designed. However here also the design
must permit an easy removal of the powder.
– Mesh structures: Two-dimensional and threedimensional mesh structures can be produced.
Care must be taken with the machine settings
to ensure that the mesh will not collapse during
manufacturing.
• Topological optimisation: Because of its versatility
additive manufacturing allows to produce shapes that
have being designed using topological optimisation.
• More economical on complex parts: In additive manufacturing the cost is proportional to the volume, not
to the complexity of the part, so complex parts (that is
parts that would require several different manufacturing
operation with conventional techniques) are often more
economic using additive manufacturing.
• Faster: For the same reason than above, additive manufacturing parts are often faster to produce.
• Repair old or broken parts: Additive manufacturing
can replicate any shape. This includes old parts that
are no longer produced by the manufacturer. It can also
be used to rebuild a damaged surface to repair a broken
part.
However this technology is not yet fully mature and still
faces some challenges (some of which are been addressed):
• UHV compatilibility: To be usable in an accelerator
its UHV compatibility must be demonstated.
• Electrical conductivity: Many accelerator components have to conduct electricity. At the moment there
is limited data available on the behavior of i3D accelerator components when a beam passes nearby.
• RF: Many complicated parts in accelerators involve
RF. How do i3D structures behave when conducting
RF?
• New materials and new alloys: Additive manufacturing allows the production of new materials and new
alloys. How will these behave in an accelerator?
MC7: Accelerator Technology
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Abstract

EXPERIMENTAL SET-UP

The eﬀects of high beam currents and diﬀerent types of
electron sources on the emittance of the beam at the 3.5 MeV
beamline of the Mainzer Microtron MAMI were observed.
A thermionic BaO source and a GaAs-based photo-source
that allows spin polarization were used. In order to measure
the beam size, a new type of wire scanner was utilized. The
results show maximum normalized emittance values in the
order of a few hundred nm rad for both sources, which lies
distinctly within the acceptance of the higher energy stages
of the accelerator [1].

MAINZER MICROTRON
The MAMI accelerator consists of four consecutive racetrack microtrons and is able to provide continuous electron
beam currents up to 100 μA at 1.5 GeV. The beam current
is limited by the available RF power of the third microtron
(RTM3). Using pulsed beam modes with a low duty cycle
of 10−4 can circumvent this principal limitation.
A main purpose of our investigations was to measure a
possible increase of the beam emittance since much higher
currents are planned for the new MESA accelerator in Mainz
[2].
All measurements were done at a kinetic energy of
3.5 MeV at which the beam is already relativistic and therefore has passed the regions where emittance blow-up due to
space charge forces may have occurred.
Wires
PMT
Slitmask
Screen

Beam dump

e−
Dipole
Quadrupoles
20 cm

Figure 1: Schematic view of the set-up. The experiment lies
behind the 3.5 MeV pre-accelerator of MAMI. The detail
view is a close-up of the scanner as seen from the beam
direction.
∗
†
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The experiments took place at the 3.5 MeV exit beamline
of MAMI. The emittance of the beam was measured with the
quadrupole scan method [3]. To this end, a new diagnostic
tool was developed that allows precise measurements of the
beam width at high currents [4]. A sketch of the set-up
is displayed in Fig 1. The electron beam enters the set-up
from the right and is initially focused by two quadrupole
magnets. A third quadrupole magnet is used to perform
quadrupole scans. Directly behind the triplet, a small dipole
magnet is used to deﬂect the beam by a maximum of 3 mrad.
Using ramp rates of up to 40 mA/μs with the dipole, we
have achieved crossing speeds of 54 m/s (horizontal) and
37 m/s (vertical), which means that the duration of a beam
size measurement at typical beam diameters of 100 μm can
be as fast as only some microseconds if the photon statistics
is suﬃcient at milliampere beam currents. The detected
signal is prompt radiation from the beam interaction with
the 24 μm tungsten wire that generates luminescent light in
a PMT (Fig. 1) which is shielded against the background
generated from the beam dump behind the scanner.
To measure the emittance for various beam currents, a
pulsed beam mode was used. For this purpose, 10 ns long
diagnostic pulses were used which are generated by pulsing
the laser current or the control electrode of the thermionic
gun, respectively. Due to the low repetition rate of 10 kHz,
the crossing speed was reduced to the order of 100 mm/s to
have at least ten diagnostic pulses to hit the wire even at the
smallest beam sizes.
In this way, a maximum peak current of 160 μA was
achieved, while the maximum average current was less than
20 nA. The resulting emittances were compared for two different electron sources. Firstly, a photo-source was used that
generates spin-polarized electrons by the stimulation of a
GaAs photocathode with a pulsed diode laser [5]. For the
photo-source it is expected that changes of the emittance
are mainly caused by space charge eﬀects since the emitting
area on the crystal stays nearly constant at increasing laser
powers. For comparison, the thermionic electron source was
also investigated. Contrary to the photo-source, the electron
emitting area of the thermionic source increases with the
beam current due to the change of the extraction ﬁelds at
the cathode. This behaviour dictates the resulting emittance
of the beam and should prove disadvantageous at higher
currents.

THPTS009
4121

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPTS010

START OF THE SERIES PRODUCTION FOR THE CRYOGENIC MAGNET
CORRECTOR MODULES OF FAIR
E. S. Fischer†, A. Bleile, V. I. Datskov, V. Marusov, J.-P. Meier, P. J. Spiller,
GSI, Darmstadt, Germany

Abstract
The fast cycling superconducting synchrotron SIS100
has to deliver high intensity beams for the FAIR project at
GSI, Darmstadt. The main dipoles will ramp with 4 T/s up
to a maximum magnetic field of 1.9 T where the field
gradient of the main quadrupole will reach 27.77 T/m.
The integral magnetic field length of the horizontal/vertical steerer and of the chromaticity sextupole will
provide 0.403/0.41 m and 0.383 m respectively. We present the status of the first magnets test results as well as
the overall procedure of production and testing of the
complete series of the cryomagnetic corrector modules.

INTRODUCTION

The Facility of Antiproton and Ion Research (FAIR)
under construction at GSI [1] will provide high intensity
beams of ions and antiprotons for experiments in nuclear,
atomic and plasma physics as shown in Fig. 1.

Figure 1: Scheme of the existing accelerator facility at
GSI (left) and the planned FAIR complex (right).
The operation modes of the FAIR facility will facilitate
four experiments simultaneously. Beside the reference
Uranium and proton beams, acceleration of all other ion
species is foreseen. The SIS100 synchrotron with magnetic rigidity of 100 Tˑm is the key component of FAIR. The
high repetition rate of SIS100 acceleration cycles up to 1
Hz requires fast-ramped superconducting magnets with
high dynamic heat load. The SIS100 dipole and quadrupole magnets as well as the magnets for the NICA project
[2] were designed on the basis of the fast-cycling superferric magnets for the Nuclotron synchrotron at JINR in
Dubna [3]. During an intensive R&D phase the dynamic
heat generation caused by fast cycling was considerably
___________________________________________

† e.fischer@gsi.de

reduced in comparison to the original Nuclotron magnets
[4]. The losses were experimentally measured on short
models and on full size prototypes. Finally, the first-ofseries dipole, quadrupole and corrector magnets for
SIS100 were built and tested at the cryogenic test facilities at GSI and at JINR. The dynamic heat loads and helium mass flow rates were measured for different operation
modes of SIS100. Like for the Nuclotron accelerator the
cryogenic cooling scheme of SIS100 and NICA is based
on using of the two-phase forced flow helium. All dipole
and quadrupole magnets in one sector of the accelerator
are connected to one supply and one return header and are
cooled in parallel. Due to very different hydraulic resistances of the parallel cooling channels the hydraulic
adjustment of each channel is important.

THE SIS100 SC MAGNETS
The Nuclotron type design was chosen for the SIS100
lattice dipole and quadrupole magnets [5], [6]. A singlelayer dipole magnet (see Fig. 2) has a radius of curvature
of about 52 m. A quadrupole magnet with hyperbolic
poles is shown in Fig. 3. The iron yokes of the magnets
are fabricated of laminated isotropic 1.0 mm thick M600100A silicon steel. The multipole corrector and the steerer
were designed as nested magnets, namely, a quadrupole, a
sextupole and an octupole in the multipole corrector and
horizontal and vertical dipoles in the steerer (see Fig. 4).
These magnets are of the Cosine-theta type. The chromaticity sextupole designed as a superferric magnet (see
Fig. 5).

Figure 2: Cross-section of the SIS100 dipole. 1 – lamination, 2 – SC coil, 3 – tube for cooling the yoke.
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DESIGN, PRODUCTION, AND TESTING OF SUPERCONDUCTING
MAGNETS FOR THE SUPER-FRS
H. Müller, E. Cho, G. Golluccio, C. Roux, H. Simon, K.Sugita, M. Winkler, GSI Helmholtzzentrum
für Schwerionenforschung, 64291 Darmstadt, Germany
A. Madur, H.Allain, M.Daly, L. Quettier, P. Graffin, H. Reymond, J. Muñoz-Garcia CEA Saclay,
91191 Gif-sur-Yvette, France
L. van den Boogaard, CERN, 1211 Geneva 23, Switzerland
A. Borceto, G. Drago, G. Valesi, D. Ventura, ASG, 16152 Genova, Italy
J. Lucas, Elytt Energy, Madrid

Abstract
The Super FRS is a two-stage in flight separator to be
built next to the site of GSI, Darmstadt, Germany as part of
FAIR (Facility for Anti-proton and Ion Research). Its purpose is to create and separate rare isotope beams and to enable the mass measurement also for very short lived nuclei.
Due to its three branches a wide variety of experiments can
be carried out in frame of the NUSTAR collaboration. Due
to the large acceptance needed, the magnets of the SuperFRS have to have a large aperture and therefore only a superconducting solution is feasible.
A superferric design with superconducting coils was
chosen in which the magnetic field is shaped by an iron
yoke. For the dipoles this iron yoke is at warm and only the
coils are incorporated in a cryostat. The multiplets, assemblies of quadrupoles and higher order multipole magnets,
are completely immersed in a liquid Helium bath. With the
exception of special branching dipoles all superconducting
magnets of Super-FRS have been contracted and are being
built by Elytt in Spain (dipoles) and ASG in Italy (multiplets). The cold test of all magnets will take place in a dedicated test facility at CERN.
This contribution will present the status of manufacturing of dipoles and multiplets, and also gives a short overview on the test facility.

INTRODUCTION

The Super-FRS is a new two-stage in-flight separator. It
will be built as part of the future Facility for Antiproton and
Ion Research (FAIR) in Darmstadt, Germany [1]. Due to
its three branches (high-energy branch, low-energy branch,
and ring branch) a wide variety of experiments will be possible [2,3]. The large acceptance required and the DC operation of the magnets led to a superconducting solution.
Only the very first magnets after the target have to be built
as normal conducting magnets with special radiation resistant conductor, due to the high radiation levels.
From protons to uranium all sorts of ions can be accelerated in the Super-FRS up to energies of about 1.5 GeV/u
and with beam intensities of 1012/s.
The general layout of the Super-FRS magnets is shown
in Fig.1. Overall the Super-FRS consists out of 24 dipole
magnets and 30 multiplets (containing 80 quadrupoles, 41
sextupoles, 14 steerers, and 46 octupoles).

Additional superconducting magnets are needed for the
Energy Buncher in the low energy branch. These magnets
are not treated within this paper.

Figure 1: Magnetic layout of Super-FRS.

MAGNET DESIGN
The magnets of Super-FRS have several common design
features. Firstly, they are of so called superferric type (with
the exception of the small correction magnets steerer and
octupole which are made as surface coils). The magnetic
field is shaped by the magnetic iron as for normal conducting magnets, but the coils of the magnet are wound with
superconductors.
Secondly, the magnets have to be self-protected, i.e. they
have to survive a quench without any damage even in case
the quench protection system fails. Nevertheless dump resistors are foreseen for quadrupoles and dipoles to extract
as much energy as possible. The requirement of self-protected magnets leads to the use of superconductors with a
high Cu/SC ratio (>9 in case of the dipoles, ~3.5 for quadrupoles and sextupoles).
Each of the magnets is powered individually and has its
own pair of leads. To limit the size of the current leads and
warm power cables, the maximum current of the mag- nets
have to stay below 300 A. This leads to coils wound of insulated wires rather than a cable, resulting in high inductance values for the magnets (about 37 H for the long quadrupole and 23 H for the branching dipole).
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FURTHER DESIGNS OF HOM COUPLERS FOR SUPERCONDUCTING
400MHz RF CAVITIES
N. F. Petry∗ , M. Busch, K. Kümpel, O. Meusel, H. Podlech,
IAP, Goethe University Frankfurt, Frankfurt am Main, Germany

Abstract
The Future Circular Collider (FCC) is one possible future
successor of the Large Hadron Collider (LHC) at CERN. The
proton-proton collider center-of-mass collision energy is set
to 100 TeV with a beam current of 0.5 A. To achieve this
energy a stable acceleration is critical and therefore higher
order modes (HOM) need to be damped. HOM dampers,
further characterized as couplers, need to fulfill several criteria to be efficient. As a first property the couplers should
assure a longitudinal impedance of higher order modes of
below 10 kW. Furthermore, the loaded Q-factor should be
below 1000 and the corresponding R/Q value should be in
the range of 10 Ω. Besides the Hook-type and Probe-type
HOM coupler two additional designs were simulated. The
recent results of the different couplers attached to a superconducting 400 MHz RF cavity will be presented.

Figure 1: high-pass coupler (left) and band-stop coupler
(right).

FCC

The FCC will be equipped with 48 single-cell
400 MHz cavities with 1 MV/m or 24 cavities with
2 MV/m [1]. The cavities used in the approx. 1.4 km
long RF acceleration section of the proton-proton
collider will be similar to the TESLA-type cavities used in the LHC, summarized in Table 1.
Table 1: FCC-hh and Cavity Design Parameters [2] [3]
Currently planned parameters
circumference
collision energy cms
beam current
dipole field
resonance frequency
βλ/4 length
beam pipe aperture
cavity radius
bend radius inside cavity
bend radius outside cavity

Value
97.75 km
100 TeV
0.5 A
16 T
400 MHz
160 mm
300 mm
343.6 mm
104 mm
25 mm

seen in Fig. 1. The new types of coupler are based on the
principle of a high-pass filter and a band-stop filter.

CURRENT RF RESULTS
The simulations consist of a 400 MHz elliptical cavity, four HOM couplers, a Fundamental Power Coupler
(FPC) and one empty pipe for diagnostic elements and are
made with CST Studio Suite. The full model is shown
in Fig. 2 and Fig. 3. A more simplified Model was designed for the simulation of the S21 parameter. The used
model was equipped with only one HOM coupler to avoid

HOM couplers are required to provide a stable acceleration of the beam and to avoid coupled bunch
instabilities [4].

HOM COUPLER TYPES

Besides the Hook-type coupler and the Probe-type coupler
this publication will introduce two new types of coupler,
∗
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Figure 2: Cross section along the xy plane of the cavity. The
angular coordinate of the HOM couplers was optimized and
differs from the left to the right side of the cavity.
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VISUAL INSPECTION OF CURVED PARTICLE ACCELERATOR BEAM
PIPES WITH A MODULAR ROBOT
N. Schweizer∗ , RMR, Technische Universität Darmstadt, Germany
I. Pongrac, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
Abstract
Inspecting ultra-high vacuum pipe systems of particle
accelerators without disassembling the beam pipes is a complex challenge. In particular, curved sections of particle accelerators require a unique approach for the examination of
the interior. For the planned heavy ion synchrotron SIS100
at FAIR, an inspection robot is currently under development,
featuring an optical imaging system with which the robot
can be navigated through the beam pipe. We present the
current prototype, which is based on a modular snake-like
robot with active wheels and joints. Due to the stipulated
low movement velocity, it can be shown that a kinematic
model is sufficient to control the robot whereas dynamical
effects can be neglected. This concept is proven in experiments with the prototype. At the current development status,
the robot is controlled manually by setting the velocity of
the first module and its desired turning angle. In simulations
we include a CAD model of a dipole chamber of the SIS100
and let an operator successfully navigate the robot through
the beam pipe while only observing the camera image.

INTRODUCTION
Considering the ultra-high vacuum system of ring accelerators, the vacuum pipes can be divided into straight and
curved accelerator pipes. Periodic visual inspection of both
types of pipes allows to collect information about material
conditions and foreign objects inside the system. These data
can help to ensure the integrity of the vacuum system and
are essential for unimpaired beam experiments.
To minimize the effort and the expenditure of time for
the examination of the beam vacuum system of particle
accelerators, an inspection device is being developed that
shall be introduced into the pipe system. At the current
development status a modular robot platform is designed
for the use in straight accelerator pipes and to negotiate
simple obstacles like gaps and single steps between two
pipe sections [1]. A prototype was built and adapted to
the pipe geometry of the heavy ion synchrotron SIS100
of the international accelerator facility FAIR. The robot
prototype consists of four modules, each equipped with two
independently driven wheels. Pitch rotational joints between
the modules and specified wheel positions enable the robot
to overcome the obstacles successfully.
Next, the development is focused on the inspection of
curved beam pipes, i.e. of dipole chambers of the SIS100.
In order to navigate the robot through this type of pipes,
turning capabilities are needed. In the following a suitable
robot design is presented and its associated kinematic model,
∗
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which is used to control the robot, is explained. Finally, the
control and the behavior of the robot is evaluated.

ROBOT DESCRIPTION
Concerning homogeneous dipole chambers, the turning
problem can be considered separately from the previous
prototype of the robot with climbing capabilities. However,
the final inspection device should include both turning and
climbing skills. Hence, the already developed robot structure
must be kept as far as possible. Moreover, when a turning
mechanism is added, the robot dimensions must still satisfy
the feasible height of 50 mm and the maximum width of
60 mm. Otherwise the robot would not fit into the dipole
chamber beam pipes of the SIS100.
Instead of introducing direct steering on the wheels, the
pitch joints are replaced with active yaw joints, which fit
without further changes into the existing robot structure.
Later, the pitch joints can be easily added again.
The current robot prototype with yaw joints is shown
in Fig. 1 and is constructed with four 3D printed modules
like the previous prototype. Thus, in total three joints are
integrated. The two inner modules carry a battery and most
of the electronic components like a microcontroller, voltage
regulators and a communication module to receive control
commands wirelessly. The combination of the active joints
and the active wheels enables the robot to turn. This concept
is known for example from the snake-like robots PIKo [2]
and MoMo [3].

Figure 1: Prototype of the robot with turning capabilities.

Motion Control
Without steerable wheel axles, the robot turns into a desired direction only by coordinated control of the joints and
the wheel velocities. From a given velocity of the first robot
module 𝑣w1 and a turning angle 𝛿1 , joint angles and wheel
velocities for the other modules can be algebraically calculated. A kinematic model of a modular robot with active
wheels and joints is fully described in [4] using the example
of the robot PIKo. For our robot we have to adjust the model
slightly, because PiKo is equipped with identical modules,
i.e., the distances between the wheel axle of a module and
the connected joints are the same for each module. Consequently, all modules are of the same length. In our robot,
THPTS014
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DESIGN AND MANUFACTURING OF THE FIRST MULTIPLET FOR THE
SUPER-FRS AT FAIR
E. Cho†, H. Mueller, K. Sugita, C. Roux, M. Winkler, GSI, Darmstadt, Germany
A. Borceto, G. Valesi, D. Ventura, G. Drago, ASG Superconductors S.p.A., Genova, Italy

Abstract

The Superconducting FRagment Separator (Super-FRS)
at Facility for Antiproton and Ion Research (FAIR) is a
two-stage in flight separator. It aims at production of rare
isotopes of all elements up to uranium and separation of
them. It consists of three experimental branches with 24
superferric dipole magnets and 170 multipole magnets in
addition to few normal conducting magnets in the high
radiation area. The quadrupole and the sextupole magnets
are assembled with corrector magnet(s) in a common
cryostat. This cryogenic module is called a multiplet. The
first unit of the series (FoS) multiplet comprises one
quadrupole and one sextupole magnet and its construction
was completed in Q1, 2019. The design challenges of the
multiplet are to fulfil the field quality requirement of the
quadrupole magnet at a large good field region despite
strong iron saturation and to design the multiplets for high
design pressure. This contribution presents the magnetic
and the mechanical design and manufacturing status of
the FoS multiplet.

MAGNETIC DESIGN
The main parameters for magnets are summarized in
Table 1. The field requirement for the quadrupole magnet
is defined differently for two regions due to high iron
saturation.
A vacuum impregnated race track coil with a square
cross section is used for all the magnets. The feature of
Nb-Ti superconductor is a Cu/Sc ratio of 3.5 ± 0.3 and
RRR = 100. For the quadrupole magnet, the operating
current of 300 A at 10 T/m is 37 % of the critical current.
For the sextupole magnet, the operating current of 291 A
at 40 T/m2 is 15 % of the critical current. The temperature
margin is more than 2 K.

INTRODUCTION

The Super-FRS is a part of FAIR, which is currently being built in Darmstadt, Germany [1]. Its capability of
separating rare isotopes within some hundred nanoseconds will enable an efficient study for very short-lived
nuclei [2]. It is designed for large momentum acceptance
(Dp/p = ±2.5 %) and angular acceptance (fx = ± 40 mrad,
fy= ± 20 mrad). The maximum beam rigidity is 20 Tm.
For large acceptance and high rigidity, the superferric
magnet design was adopted except for the octupole and
the steering dipole magnet.
In a multiplet, two to nine magnets (at maximum) will
be arranged depending on the requirement of beam optics.
The magnets will be cooled in a common liquid helium
(LHe) bath. Figure 1 shows a cross section of the FoS
multiplet. Dimensions and weight of the multiplet are 2.6
m x 2.7 m x 4.2 m (W x L x H) and 28 tons, respectively.
The magnet column consists of one sextupole and one
quadrupole magnet with a 250 mm distance between the
yoke ends. The weight of the cold mass is 19 tons. The
design pressure of the LHe vessel and the maximum volume of LHe are 20 bars abs and 800 liters, respectively
[3]. It corresponds to PED (Pressure Equipment Directory) 97/23/EG category IV. According to the regulation,
design of the vessel needs to be verified and approved by
an authority.

Figure 1:

Cross section of the FoS Multiplet.

Table 1: Main Parameters of the Quadrupole and the
Sextupole Magnet
Parameters

Quadrupole

Sextupole

n
Length of iron (mm)
Pole tip radius (mm)
Warm bore radius (mm)
Outer radius of yoke
(mm)
Gradient, g (T/mn-1)
Max. current, Imax (A)
Inductance @ Imax (H)
Stored Energy @ Imax
(kJ)

2
1200
250
190
700

3
500
238
190

10
300
21
952

40
291
0.88

Integral field quality
requirement @ 190 mm

± 1 ×10-3
< 0.8 gmax
± 6 ×10-3
> 0.8 gmax

±5 × 10-3

420

37

____________________________________________
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ILSF ULTRALOW EMITTANCE STORAGE RING MAGNETS
Mohamad Razazian, Farhad Saeidi*, Javad Rahighi, Sara Dastan
Iranian Light Source Facility, Institute for Research in Fundamental Sciences (IPM), Tehran, Iran

Abstract

Iranian Light Source Facility (ILSF) is a 3 GeV synchrotron which is in the basic design phase. The ILSF storage
ring (SR) is based on a Five-Bend Achromat lattice providing a low horizontal beam emittance of 270 pm-rad. The
ILSF storage ring consists of 100 combined dipole magnets
of 2 types, 240 quadrupoles in 5 families and also 320 sextupoles in 6 families. In this paper, we present some design
features of the SR magnets and discuss the detailed physical design of these electromagnets including electrical and
cooling calculations. Using POISSON and OPERA codes
[1,2], pole and yoke geometry was developed for each
magnet.

Figure 2: 3D design of the SR dipole magnets in OPERA.

INTRODUCTION

The ILSF storage ring circumference is 528 m with 20
super periods which mechanical schematic is displayed in
Fig. 1. Each super period is composed of 5 dipoles with the
magnetic and gradient field of 0.5672 T and -7.026 T/m.
Focusing is performed with the use of 12 quadrupoles
grouped in 5 families with the maximum gradient of
40.86 T/m and pole radius of 22 mm. The natural chromaticity is corrected by the use of 16 sextupole magnets
grouped in 5 families with the maximum strength of
1562 T/m2 and pole radius of 28 mm and one type with the
strength of 2111 T/m2 and pole radius of 23 mm.
In this paper, the physical design of all SR magnets including electrical and cooling calculations will be discussed. The magnetic field quality, harmonic analysis, and
end poles chamfering process are included. It is worthwhile
to mention that low carbon steel M1200-100A is employed
as the main fabrication material [3].

Figure 3: Field quality of the 2D designed dipole sections
within ±6 mm GFR for both dipolar (up) and quarupolar
components(down).
The normalized systematic multipole errors obtained by
POISSON code are plotted in Fig. 4. As given, the relative
sextupole component is less than 6×10-5 which indicates
expected small impact on the dynamic aperture.

Figure 1: The magnets arrangement of one super period of
the ILSF storage ring [4].

DIPOLE MAGNETS

The C type ILSF dipole magnet is designed in curved
form for two different lengths, with such a spectacular pole
profile to include quadrupole strength too, see Fig. 2.
Through none symmetric standard shims with the total
gap of 16 mm, the field quality is lower than 0.01% within
the Good Field Region (GFR), see Fig. 3.
____________________________________________
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Figure 4: Normalized multipole errors of SR dipole magnet
at +6 mm.
The desired magnetic length will be achieved by using
chamfers at the pole ends. The chamfering will additionally
control higher integrated multipoles. So, the relative
growth of dipolar (purple), quadrupolar (green) and sextupolar (blue) fields in respect to their referential values in
the center, through half of the magnet are depicted in Fig. 5.
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ILSF BOOSTER MAGNETS FOR THE NEW LOW EMITTANCE LATTICE
Farhad Saeidi*, Mohamad Razazian, Javad Rahighi, Samira Fatehi, Sara Dastan
Iranian Light Source Facility, Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
Abstract
Iranian light source facility is a new 3rd generation
light source with a booster which is supposed to work at
150 keV injection energy and guide the electrons to a
3GeV ring. It consists of 50 combined dipole magnets in
one type, 50 quadrupoles and 15 sextupoles in one family.
Using POISSON and OPERA3D codes [1,2], pole and
yoke geometry was designed for each magnet and also
cooling and electrical calculations have been done. ILSF
has attempted to mechanical design and build prototype
magnets which are ongoing at this stage too.

DIPOLE MAGNETS
ILSF booster dipole is combined H-type bending
magnet having an imposed quadrupole and sextupole
components with parallel-ends and a curved yoke as
shown in Fig. 2.

INTRODUCTION
ILSF booster ring with the circumference of 504 m is
supposed to work at injection energy of 150 keV and
leads the electrons to the ring energy of 3 GeV and the
horizontal emittance of 3 nm rad. Fifty combined bending
magnets in one type are supposed to provide horizontal
focusing and correct natural chromaticity in addition to
their bending roles. There are also 50 pure quadrupole
magnets for vertical focusing and 5 defocusing quadrupoles for tune adjustment. Moreover, 15 SF for correcting
natural chromaticity and 5 SD defocusing sextupoles are
assigned to correct eddy current effects. The arrangement
of magnets in one super period of the booster lattice is
depicted in Fig. 1.

Figure 1: Schematic layout of magnets in one super period of booster lattice. The blue, red and green boxes represent dipoles, quarupoles and sextupoles respectively.
In booster ring, where we have AC currents, eddy currents are objectionable, not only because they decrease
the flux, but also as they produce heat and power loss
proportional to i2R, where i is the eddy current and R is
the resistance of its path [3,4]. To avoid eddy currents,
Silicon-steel 3% with lower electrical conducting should
be used. So in ILSF booster yoke is considered to be a
collection of M330-50A laminations, with nominal thickness of 0.5 mm. The dipoles are planned to be run in series with a common power supply and due to having one
family of quadrupole and one for sextupoles, they will be
connected in series.

Figure 2: 3D design of the booster dipole magnet created
in OPERA simulation code.
For electrical and cooling calculations in Table 1,conductor and cooling duct dimensions should be chosen to provide optimum current density, power, inductance, cooling
water speed and pressure drop [3]. Inasmuch as using one
cooling system for all booster magnets, the same pressure
drop of 6 bar is committed for the whole coils in the calculations.
Table 1: The ILSF Booster Dipole Specifications
Parameters
Bending radius (m)
Field (T)
Field gradient (T/m)
Sextupole component (T/m2)
Half gap (mm)
Magnetic length (m)
Operating current (A)
Number of turns per coil
Conductor dimensions (mm2)
Current density (A/mm2)
Voltage drop per magnet (V)
Resistance per magnet (mΩ)
Power per magnet (kW)
Number of water circuits
Water temperature rise (°C)
Cooling water speed (m/s)
Pressure drop (bar)

Values
10.34
0.9967
-1.791
-44.28
12
1.3
808
12
12×12×ø6
6.98
8.6
33
6.96
1
5.5
2.67
6.0

Also, field tolerances are calculated to be less than 1×10-4
within the good field region (GFR) ±6 mm (Fig. 3).
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DESIGN OF BEAM POSITION MONITORING SYSTEM FOR IPM LOW
ENERGY ELECTRON LINAC
N. Messbah†, F. A. Davani,
Shahid Beheshti University Radiation Application Department, Tehran, Iran
H. Shaker, School of Particles and Accelerators, IPM, Tehran, Iran
S. Ahmadiannamin, ILSF, IPM, Tehran, Iran
M. Shirshekan, e-Linac, IPM, Tehran, Iran

Abstract
The Beam Position Monitors (BPM) are devices that can
be used in every accelerator to provide information on the
position of the beam. This paper reports the simulation and
design of a re-entrant cavity BPM with its associated electronics to be used for IPM low energy electron Linac being
developed at Institute for Research in Fundamental Sciences. The fabrication of some electronic components was
also carried out.

INTRODUCTION

A Cavity Beam Position Monitor (CBPM) is a device
composed of two pickup cavities and a detection circuit to
read out the position of the beam. The cavity pickup will
sense the mode strength generated by the passing beam of
electrons. The working modes are TM110 (dipole) for the
so called position cavity and TM010 (monopole) for the
reference cavity. When the beam crosses the cavity gaps it
induces signals proportional to charge and position offset
in the position cavity, and to the charge only in the reference cavity. The position cavity has four rectangular waveguides that couple to the dipole mode while rejecting the
monopole mode that would otherwise limit the resolution
of the electronics [1].
This signal will be input to a detection circuit that is be
used to calculate the signals detected by four antennas arranged. A 180 degree hybrid at the first stage reduce the
monopole and a heterodyne receiver principle was used to
down-convert the signal frequency in about MHz IF frequency. These signals can then be used to determine the
beam’s displacement from the centre [2].
The IPM low energy electron Linac is operating at a
7 µsec pulse duration and 250 Hz repetition rate with
2998 MHz bunching frequency and 4.5 MeV beam energy.
A 8-MeV electron beam is available in the second phase of
commissioning [3].

(a)
(b)
Figure 1: Reference cavity: (a) mesh cell (b) monopole
field.

(a)

(b)

(c)

Figure 2: Position cavity: (a) mesh cell (b) monopole field
(c) dipole mode.

CAVITY SIMULATION

ELECTRONICS

The reference and position cavity was simulated using
the Eigenmode Solver of CST software at operation frequency of 2998 MHz. The reference cavity (see Fig. 1) is
designed as a re-entrant construction and position cavity
(see Fig. 2) with waveguide arrangements.

Simulations of the super heterodyne receiver were performed in ADS software (see Fig. 3) and the signal changes
were investigated in each stages. The practical examples of
several required elements including hybrid and high frequency passband filters with the Fr4 substrate for this receiver were designed, constructed and measured using
ADS, CST and AWR software.
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ESS MAGNETS AT ELETTRA SINCROTRONE TRIESTE
D. Castronovo†, D. Caiazza, A. Fabris, R. Fabris, A. Gubertini and G. Loda,
Elettra Sincrotrone Trieste, Trieste, Italy

Abstract
Elettra Sincrotrone Trieste Research Center (Elettra) is
one the Italian Institutions, together with Istituto Nazionale di Fisica Nucleare (INFN) and Consiglio Nazionale delle Ricerche (CNR), committed to the realization of the Italian in-kind contributions for the European
Spallation Source [1]. One of these consists in the supply
of several conventional iron dominated electro-magnets to
be installed in the superconducting part of the linac and in
the transfer lines, which are 139 quadrupoles, 2 dipoles
and 72 correctors. This document reports all related magnetic design and optimisations carried out to meet the
required specifications and supplies.

eters, and, in particular, the maximum peak voltage and
the repetition rate, the first and most important parameter
to be defined was the maximum current.
Table 1: Requirements of Q5, Q6 and Q7
Parameters
Bore diameter [mm] ≥
Overall length [mm] ≤
Nom magnetic length [mm] ≥
Nom integrated gradient [T] =
Max integrated gradient [T] >
God Field Region radius [mm] ≥
Bn /B2 (n = 3÷10) [%] < ±

Q5
67
250
150
1.8
1.9
22
0.1

Q6
112
350
250
2.2
2.3
35
0.1

Q7
112
400
250
2.7
2.9
35
0.1

OVERVIEW

Regarding the ESS related activities at ElettraSincrotrone Trieste [2], for the contribution of the magnets Elettra has carried out the following main activities:
collaboration in defining the specifications required by
ESS; collaboration with the power converter (PC) contribution for the definition of nominal currents and powers
[3]; design and optimization of magnetic models; definition of mechanical models; the R&D and the production
of the documentation packages the Critical Design Review (CDR) of the magnets Q5, Q6, Q7, C5 and C6; the
definition of the Preliminary Design Review (PDR) of
magnets D1, Q8 and C8; compilation of the technical
specifications for the tenders issued by INFN in the
framework of the trilateral agreemnts between ESS, Elettra and INFN; control of the execution of the contracts
with Danfysik for the realization of the magnets Q5, Q6,
Q7, C5 and C6 and with Sigmaphi for the realization of
the magnets D1, Q8 and C8; the development of a bench
for the magnetic measurement of the magnets Q5, Q6,
Q7, C5, and C6.

Figure 1: Trapezoidal pulse shapes.
After evaluating different forms of trapezoidal pulse, as
shown in Fig. 1, taking into consideration a pulse with an
RMS value of approximately 33.4%, the maximum current was chosen equal to 400 A, see Fig. 2, equivalent to
138 A RMS as shown in Fig. 2. Consequently, in order to
maintain the current density RMS < 1.1 A/mm2, it was
decided to use a conductor with a cross section of
20 mm x 6.3 mm = 125.5 mm2.

Q5, Q6, Q7, C5 AND C6 MAGNETS

The first magnet activities concerned the definition of
magnet Q5, Q6 and Q7. Originally, these magnets were
required to work in the pulsed mode to significantly reduce the electrical power and therefore the required energy consumption. The main requirements were:
 Repetition rate of 14 Hz.
 Magnetic field flat top length >3 ms (beam length).
 Peak voltage <0.85 kV (to avoid medium voltage
techniques and rules).
 RMS current density <1.1 A/mm2 (to allow a coil air
cooling system).
In addition to these main requirements, each family was
characterized by the performance specifications listed in
Table 1. Taking into consideration all the required param____________________________________________
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Figure 2: Magnet maximal current chart.
Fixed the same value of the maximum current for the
three quadrupole types, defined the number of turns to
ensure the required performances, the magnetic design
was driven by the objective of minimizing the width of
the poles in order to minimize the amount of iron and
therefore the inductance (<12 mH). For Q6 and Q7, since
the quadrupoles having the same 2D geometry, the solution was to draw polar expansions (and coils) of conical
geometry. In order to minimize the transition times, the
iron had to be made of laminated Fe-Si steel sheets of
0.5 mm thickness glued together. As already done in other
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MAGNETS FOR ELETTRA 2.0
D. Castronovo†, E. Karantzoulis, Elettra Sincrotrone Trieste, Trieste, Italy

Abstract
Community with excellent results, Elettra need a major
upgrade with a new compact lattice that will replace the
existing double bend achromat for the reduction of the
horizontal emittance and the increase of the brilliance and
coherence of the X-ray beam.
This paper reports the magnetic design development
and optimisation carried out in order to satisfy the layout
feasibility and magnet strengths.

LAYOUT

The design of new machine optics with the constraint
of maintaining the current size of the ring has produced a
layout with really short drifts between the magnetic
lengths [1]. The design of magnets that can be installed so
close to each other is therefore one of the most important
challenges of the Elettra 2.0 magnetic layout. Figure 1
shows the half-achromat section of the magnetic layout
where several quadrupoles have a transverse offset in
order to fulfil the reverse bend function.

Figure 2: Quadrupole yoke and coil winding.

PROTOTYPE
The objective of the prototype is to prove the feasibility
of this new novel kind of magnets. Other objectives are to
study the possibility of having air-cooled coil and the
study of dynamic supporting systems between the two
separate parts in order to allow the optimization their
intra-alignment by the magnetic measurements. As already done in other projects [2], also in this case the pole
profile shimming was defined by geometric formulas with
only four parameters. The used formulas has been the
following:
 xx 
R2
s

y 
 K y 
2x
 xt  xs 

Figure 1: Elettra 2.0 achromat magnet layout.

NOVEL KIND OF MAGNET

Considering the fact that in the Elettra 2.0 magnetic
layout the shortest drift among the various magnetic
lengths is less than 50 mm, the first challenge was to
design magnets with an overall length almost equal to the
relative magnetic length (Ltot ≈ Lmag). Since the irondominated electromagnets have, generally, the Ltot bigger
than the Lmag due to the size of the coils around the pole
terminations, the idea was to design a magnet with coils
longitudinally inside the poles. Starting from mushroomshaped terminations, the objective of obtaining a constant
distribution of the field on the path has developed a combination between the shape of the pole ends and the reverse winding of the coils. Figure 2 illustrates the geometry of the pole and the coils thus obtained.
It should be noted that the longitudinal elongation of
the poles terminations leads to mitigating one of the classic saturation effects on the pole profiles, improving the
field quality in the range of use. The longitudinal distribution of the field within the roots of the poles requires yoke
made of solid iron. This type of iron is also used to obtain
higher mechanical precision as is generally required in
small-aperture magnets such as those of Elettra 2.0.
THPTS021
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Figure 2 shows the yoke shape and the reverse coil winding.

N

(1)

Where:
Ky 
xs  xt  N

R2
 yt
2xt
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R2
tan  
2xt

(2)

(3)

Figure 3 reports the pole profile parameters plot.

Figure 3: Pole profile equation and plot.
The optimization of the profiles was done using the Esteco MODEfrontier [3] optimization code, which, in turn,
coordinated the VF Opera [4] Modeller, Tosca, Elektra
and post-processor modules together with the special
post-processing data via Matlab [5]. The MODEfrontier
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THE REALIZATION OF ITERATIVE LEARNING CONTROL FOR J-PARC
LINAC LLRF CONTROL SYSTEM
S. Li†, SOKENDAI, Hayama, Kanagawa, 240-0193, Japan
F. Qiu, K. Futatsukawa, Y. Fukui, Z. Fang, KEK, Tsukuba, Ibaraki 305-0801, Japan
S. Shinozaki, Y. Sato, JAEA, Tokai, Ibaraki, 319-1195, Japan
Abstract
In order to cope with the heavier beam loading effect,
an iterative learning control (ILC) based adaptive
feedforward control methods was put forward and realized
in J-PARC LINAC. The experimental results show that
compared with the only feedback control, the combination
of ILC and feedback can improve the amplitude stability
from ±4.1% to ±0.37% and phase stability is increased
from ±1° to ±0.2° . In this paper, the ILC realization
method will be introduced and the experimental results
will be shown.

INTRODUCTION
According to the upgrade plan of J-PARC in phase II
[1], the beam power from Rapid-Cycling Synchrotron
(RCS) should be increase to 1.5 MW. In order to achieve
this goal, both the beam current and beam pulse length in
J-PARC LINAC should increase about 20%, which is
60 mA and 600 μs, respectively. The higher beam current
will cause heavier beam loading effect and eventually
make the waveform stability cannot meet the requirements
which is ± 0.5% for amplitude and ±0.5° for phase.
Figure 1 shows the amplitude waveform at the flat top of
ADC in SDTL (Separate-type Drift-Tube Linac) 01
station, J-PARC LINAC. The beam current here is 50 mA.
Even at the beginning, by adjusting the feedforward
manually, we can make the peak to peak stability of ADC
amplitude almost equals to ±1%. However, due to the
external disturbance especially the variation of highpower supply for klystron, after long term operation of the
accelerator, the peak to peak stability of amplitude
becomes ±3.62%. Figure 2 shows the phase waveform
of ADC in SDTL01 station. The peak to peak stability of
phase is ±1.1°, which also does not meet the requirement.
In order to solve this problem, an iterative learning control
(ILC) based adaptive feedforward method was put
forward and realized in SDTL01 station, J-PARC LINAC.
ILC is a powerful control tool for the dynamic systems
with good repeatability. Its main function is to improve the
transient response of system even if sometimes the
information of the controlled system is incomplete.
Figure 3 shows a block diagram of a typical iterative
learning control loop in low-level radio frequency (LLRF)
system and the rf components have been omitted for
simplicity. The ILC algorithm can be given by

Figure 1: ADC amplitude waveform in SDTL01 station.

Figure 2: ADC phase waveform in SDTL01 station.
Figure 3 shows a block diagram of a typical iterative
learning control loop in low-level radio frequency (LLRF)
system and the rf components have been omitted for
simplicity. The ILC algorithm can be given by
𝑢

(𝑘) = 𝑄(𝑞) 𝑢 (𝑘) + 𝐿(𝑞)𝑒 (𝑘 + 1)
+𝐶(𝑞)𝑒

(𝑘)

(1)

where k is the time index, j is the iteration index, q is the
forward time-shift operator qx(k) ≡ x(k + 1), 𝑢 is the
system input, 𝑒 is the error, C(q), Q(q) and L(q) are
defined as the feedback controller, Q-filter and learning
function, respectively [2]. And Eq. (1) can be separated
into two components, feedforward and feedback which
are the output of ILC controller and feedback controller
respectively, so we have
𝑢

(𝑘) = 𝑤

(𝑘) + C(q)𝑒

(𝑘)

(2)

where feedforward component
𝑤

(𝑘) = Q(q)[𝑢 (𝑘) + L(q)𝑒 (𝑘 + 1)]

(3)

___________________________________________
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Equation (3) is a widely used ILC algorithm. In our case,
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MAGNET DEVELOPMENTS AND PRECISE ALIGNMENT SCHEMES
FOR SPRING-8-II
K. Fukami∗ 1 , T. Aoki. N. Azumi1 , H. Kimura1 , S. Takano1 , T. Taniuchi, S. Matsubara,
K. Yanagida, T. Watanabe1 , C. Zhang, JASRI, 679-5198 Hyogo, Japan
S. Matsui, RIKEN SPring-8 Center, 679-5148 Hyogo, Japan
S. Inoue, T. Kai, J. Kiuchi, SPring-8 Service Co., Ltd., 679-5165 Hyogo, Japan
1
also at RIKEN SPring-8 Center, 679-5148 Hyogo, Japan

Abstract

The magnet lattice design of the SPring-8 upgrade,
SPring-8-II, is a five bend achromat composed of one normal
and four longitudinal gradient bending magnets. Permanent
magnet has been chosen for both types of the dipoles, and
the high gradient multipole magnets are all electromagnets.
We have designed and fabricated test magnets and developed
precise alignment schemes. In 2018, we constructed a test
half-cell with the test magnets by applying our alignment
procedures. This presentation will overview the magnet developments and precise alignment schemes for SPring-8-II,
including the result of the test half-cell construction.

INTRODUCTION

The new optics of the storage ring for upgraded SPring8, SPring-8-II, based on a five-bend achromat lattice has
been designed and the corresponding key components have
been developed. The new lattice is expected to provide the
natural emittance of about 150 pmrad without any extra radiation damping [1]. Each cell has 5 bending magnets, 20
quadrupole magnets, and 10 sextupole magnets. For obtaining adequate dynamic aperture in the low emittance ring, the
alignment tolerance of the magnets in the transverse plane is
much smaller than for the present ring. The series of multipole magnets on a straight section between bending magnets,
which are placed on a common girder, must be aligned with
a standard deviation of 25 µm or less. The common girders must be aligned each other with a standard deviation
of 45 µm or less. These require alignment tolerances are
±50 µm and ±90 µm, respectively.
Prototype bending magnets, multipole magnets and common girders for the half cell lattice were fabricated to test
these performances and to check a physical interference with
other instruments, and to demonstrate the alignment on the
common girder. We present our alignment scheme, and
discuss the error budget on the scheme in this paper.

MAGNET DEVELOPMENTS

One of feature of the magnet system is a permanent based
bending magnet for substantial energy saving. Layout of
magnets in a half cell lattice is shown in Fig. 1. Quadrupole
and sextupole magnets are named from Q01 to Q10, and
SD1, SF1 etc. in each cell, and the magnets with the same
name are excited in series by one power supply. Common
∗
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girders on the straight sections are named A, B and C from
the upstream end of the cell.

Permanent-Magnet-Based Bending Magnets
For SPring-8-II, what we call longitudinal gradient bends
are planned to be installed so that electrons are to be bent in a
large angle when dispersion is small, and are bent in a small
angle when dispersion is large. In our case, a single bending
magnet is split into three segments with different dipole
fields for generating a three-step field distribution [2]. These
years several facilities have discussed a possibility of permanent magnets for their future accelerators, and we have also
worked on it especially paying attention to the reliability, stability, and usability of such magnets [3]. So far, we have fabricated normal bending magnets, longitudinal gradient bending magnets, and a septum magnet based on permanent magnet. The magnets are equipped with the magnetic field adjustability based on our outer/inner plate mechanisms, a magnetic circuit that compensates the temperature dependence of
permanent magnet material [3]. We have chosen Sm2 Co17
material that is known to have a high radiation-resistance.
In 2018, one of the normal bending magnets was installed in
the beam transport between the booster synchrotron and the
storage ring of SPring-8, and has been dedicated to user operation for a year. The one-year experience with the permanent
dipole magnet shows that no notable drift or deteriorations
related to the permanent magnet has been observed.

Electromagnet-Based Multipole Magnets
Major parameters of the multipole magnets are listed in
Table 1. Cores are made of 0.5-mm thick laminated steel. All
the magnets are water-cooled type. We set the current density
of hollow conductors to less than 3.4 A/mm2 to suppress
the power loss and the deformation of the magnets. To
prevent interference between coil ends of magnets and other
instruments, magnetic poles are tapered in the longitudinal
direction. Some sextupole magnets have auxiliary coils to
add steering functions.
A good field region is here defined as the region in which
the field gradient homogeneity is within 0.1 %. To maintain
the good field region of ±8 mm for quadrupole magnets
and ±6 mm for sextupole magnets both in horizontal and
vertical directions, a shape of the shimming was optimized
at the pole edge. We set an individual difference among one
family, which are excited by common power supply, to less
MC7: Accelerator Technology
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EFFECT OF NITRIC HYDROFLUORIC ACID TREATMENT ON BRAZING
OF ALUMINA CERAMICS AND PURE TITANIUM
M. Kinsho†, J. Kamiya, J-PARC, KEK&JAEA, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195,
Japan
K. Abe, MARUWA CO., LTD. Kasugayama, Joetsu-shi, Niigata-ken, 943-0807
T. Nakamura, Asahi Kinzoku Kogyo Inc., Anpachi-gun, Gifu-ken, 503-0125
Abstract
Alumina ceramics vacuum chamber which is used for
the 3GeV rapid-cycling synchrotron (RCS) in J-PARC is
composed of alumina duct, titanium (Ti) flanges and Ti
sleeves. Before brazing the alumina duct and the Ti
sleeves, the Ti sleeves were treated with nitric hydrofluoric
acid. The purpose of this study is to clear the effect of this
treatment for titanium material. It was cleared by SEM
observation that the roughness of the titanium material
after the nitric hydrofluoric acid treatment becomes big. It
was also measured that the thickness of oxide film on
surface of the titanium material was 12.7 nm before
treatment and 6.0 nm after treatment.
As a result of measuring the wettability of the brazing
material which was silver brazing filler metal (Ag: 72%,
Cu: 28%) on the Ti surface and the diffusion of the Ti
material into the brazing material, it became clear that both
the clearing of oxide layer on the alumina ceramics and the
vacuum condition of the vacuum heating furnace were
important for brazing between alumina ceramics and pure
titanium.

condition of vacuum heating furnace is also discussed in
brazing alumina ceramics and pure titanium.

HYDROFLUORIC ACID TREATMENT OF
PURE TITANIUM
In order to investigate the effect of nitric hydrofluoric
acid treatment on the surface of pure titanium, surface
observation by SEM (scanning electron microscope) and
measurement of oxide film thickness by Auger Electron
Spectroscopy (Auger electron spectroscopy) were carried
out. The SEM photographs of pure titanium surface before
and after hydrofluoric acid treatment are shown in Fig.1. It
was confirmed that roughness of the surface which was
treated with nitric hydrofluoric acid became apparent as
compared with before the treatment.
before

after

INTRODUCTION
In the J-PARC 3 GeV synchrotron (RCS), about half of
the vacuum chambers are using ceramics chambers[1].
These chambers consist of an alumina ceramics duct, and
thin (about 1 mm) sleeves made of pure titanium (Tisleeve) and pure titanium flanges (Ti-flange) at both ends
of the alumina ceramics duct. In manufacturing the vacuum
chambers, the Ti- sleeves and alumina ceramics duct
metallized by the Mo-Mn method were brazed with silver
solder (BAg-8; 72% of Ag, 28% of Cu) [2]. These Tisleeves and Ti-flanges were TIG-welded at both ends of
duct, and finished as a vacuum chamber. A nitric
hydrofluoric acid treatment was performed as a
pretreatment of the Ti-sleeve before brazing of alumina
ceramics duct and the Ti-sleeve in the manufacturing
process. The purpose of this pre-treatment was elimination
of oxide layer on the surface of the Ti-sleeve. The effect of
this treatment was enormous because vacuum leakage
frequently occurred in the brazing process without this
pretreatment but it has never occurred after adopting this
treatment before brazing process in the manufacturing the
alumina ceramics vacuum chambers. The purpose of this
study is to clarify how this nitric hydrofluoric acid
treatment affects the titanium material. Furthermore, the
diffusion of silver brazing material with Ti material and
wettability are measured, and the importance of the

Figure 1: SEM Pictures of surface of the pure titanium
before and after nitric hydrofluoric acid treatment.

The measurement results of thickness of the oxide film
by AES are shown in Fig.2. An electron with an energy of
10 keV was irradiated to one place on the surface of pure
titanium. The irradiation time was 1 minute and this
corresponded to the electron beam reaching distance of 1
m in the depth direction. When the point at which the
signal of oxygen became half was defined as the thickness
of the oxide film, it was found from this result that the
thickness of the oxide film was about 8.5 m before nitric
hydrofluoric acid treatment and it became about 3.4 m
after that treatment. From these experimental results, it is
presumed that the roughening of the titanium surface and
removal of the oxide film on the titanium surface are main
factors by the nitric hydrofluoric acid treatment for
elimination of the vacuum leak in brazing between the
titanium sleeve and the alumina ceramics

___________________________________________
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ACCELERATOR IMPLEMENTING DEVELOPMENT OF CERAMICS
CHAMBER WITH INTEGRATED PULSED MAGNET FOR BEAM TEST
C. Mitsuda† , Y. Kobayashi, S. Nagahashi, T. Nogami, T. Obina, R. Takai, H. Takaki, T. Uchiyama,
and A. Ueda, KEK, 1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan
T. Honiden, T. Nakanishi, SPring-8 Service Co. Ltd., (SES), Hyogo 679-5165, Japan
A. Sasagawa, A. Yokoyama, T. Yokoyama, KYOCERA Co. Ltd., Shiga 529-5195, Japan

Abstract
We advance the development of Ceramics Chamber with
integrated Pulsed Magnet (CCiPM) of air-core type as the
application to low emittance of future light source ring with
a narrow bore. The CCiPM consists of ceramics cylinder and
four coils that are implanted into the groove penetrated on
the ceramic thickness along 30 cm length by silver brazing.
Additionally to this structure, we succeeded in constructing the current base on these coils to connect between the
coils and power supply with feeder lines mechanically and
implementing the pattern shape coating inside the ceramic
cylinder. For implanting coils and constructing the current
base on coils, silver brazing technique was newly improved.
For inner surface coating, pattern coating was newly developed to realize both the reduction of eddy current caused by
the main magnetic field and the passage of the beam wall
current. We report the details about the structure performance, the new technical development on the accelerator
implementation, and the beam test line construction.

INTRODUCTION

There are four subjects in iron core-type pulsed magnet.
The first one is that it is difficult to shrink the magnet gap
within ceramics chamber outer diameter. The second one
is that it is difficult to achieve the multi-pole pulsed magnet
whose filed order is higher than the sixth for a very narrow
bore radius such as 30 mm because the many poles cannot
be constructed in narrow bore space. The third one is that
it is difficult to decrease the eddy current caused in magnet
core and ceramics chamber inner coating even if the thin
laminated silicon-steel and micro-order thin Titanium coating are used in order to suppress the eddy current generation.
The fourth one is that the saturation effect is not negligible
in huge current excitation.
The CCiPM structure [1] has a possibility of closing the
gap to beam without disturbing the beam impedance. There
are almost no limitations increasing the magnetic field order,
suppressing the eddy current, and exciting huge magnetic
field by adopting an air-core type pulsed magnet and ceramics chamber with integrated coils. Especially, the ceramics
integrated structure has strong structural strength by implanting the coils into the ceramic thickness of 5 mm. The many
roles are given to the ceramics in this simple construction:
coil supporting jig, magnet core, coil insulation, and beam
duct. Because these roles are given by the simplest fea†
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ture, not only high magnetic field precision but also high
operation reliability is secured for vacuum stress, magnetic
force, and thermal expansion stress. The fast pulsed magnet
of dipole-type CCiPM will be the most useful kicker for
the purpose of advanced beam control like turn-by-turn and
bunch-by-bunch. The simplest structure and strong magnetic
field by closing gap enable it to install anywhere to arbitrary
narrow space in an accelerator. This aspect is a great advantage comparing with strip-line kicker which needs a long
straight section. Additionally to its characteristics, because
the CCiPM is a lumped constant type magnet which is precisely reproduced, CCiPM makes it possible to match the
impedance between a magnet or some magnets and pulsed
power supply. The highly similarized field is achieved for
some magnets, which are required in top-up operation using
a bump orbit injection scheme [2]. In another aspect, an aircore magnet has an ability to generate complex non-linear
field by flowing the current in a parallel direction and by
optimizing the coil position arrangement. Utilization of nonlinear kicker [3] is thought to be as one of the candidates
which realize the top-up beam injection into the narrow dynamic aperture in ultra-low emittance ring [4]. In summary,
CCiPM has high flexibility that CCiPM is widely used as a
multi-purpose kicker [5].

ACCELERATOR IMPLEMENTATION
Coil integration development
CCiPM is composed of just three elements: a cylindrical ceramics chamber, coils, and flanges. The conceptual
design is shown in Fig. 1 whose inner diameter is 60 mm
(D60 model). This magnetic field is optimized for dipole by
arranging the coils at 30 degrees angle to medium plane. In
this case, coil length is 300 mm. Ceramics is made by fine
ceramic of A-479 type. Coils are made by oxygen free high
conductivity copper (OFHC) of 2 mm thickness and 4 mm
width. The ceramics chamber has to be responsible for the
beam duct and magnet core, and simultaneously, implanted
coils have to be responsible for vacuum seal structurally.
Feeder lines from the pulsed power supply are connected to
coils using the current base of blade-type mechanically. By
using this mechanism, there is large flexibility in the current
flowing direction and connecting way of each coil. In Fig. 1,
the return coils are bridged for end-parts of each coil so as
to generate the dipole field in the horizontal direction.
To realize this design structure, there were two subjects.
The first one was to implant coils in a longitudinal direction
keeping vacuum seal performance. The second one was that
MC7: Accelerator Technology
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RECENT IMPROVEMENTS AND FUTURE UPGRADES OF THE J-PARC
MAIN RING KICKER MAGNET SYSTEMS
T.Sugimoto∗ , K.Ishii, T.Shibata, H.Matsumoto, KEK, Tsukuba, Japan
Abstract
J-PARC Main Ring provides a high-intensity proton beam
to the long baseline neutrino oscillation experiment (T2K).
Increasing the beam intensity to improve the sensitivity of
the CP violation study in the neutrino sector, both shorter repetition cycle and higher beam current are required. As a part
of the upgrade project, both injection and fast-extraction (Fx)
kicker magnet systems have been improved. A new quick
charging power supply of the modulator for the Fx kicker
magnet was developed and deployed to shorten the charging
period from 1.8 sec to 0.2 sec. Non-inductive ceramic resistors are used as the impedance-matching terminator for the
injection kicker magnet. A temperature rise of the termination resistor due to the beam induced current was measured,
and the average power was estimated to optimize the number
of the resistors connected in parallel. Numerical simulation
of the thermal behavior of the resistors was carried out, and
the results were compared with the measurements. This
paper represents the performance of the new charging unit
and the design of the termination resistor.

INTRODUCTION
J-PARC (Japan Proton Accelerator Complex) consists of
three accelerators, a 400-MeV Linac, a 3-GeV Rapid Cycle
Synchrotron (RCS) and a 30-GeV Main Ring (MR). The
MR provides a high-intensity proton beam to the long baseline neutrino experiment (T2K) and the hadron experiments.
During 2018, the beam intensity provided to the neutrino
experiment was 495 kW corresponding to 2.56 ×1014 proton per pulse (ppp) for the repetition rate of 2.48 sec [1]. To
achieve the higher precision measurement of the neutrino
oscillation and the observation of the CP violation of the neutrino, operation with higher intensity beams is required. In
late 2020s, high intensity operation of 1.3 MW beam power
will be achieved by both shortening the repetition period
from 2.48 sec to 1.16 sec and increasing the number of proton from 2.4 ×1014 to 3.34 ×1014 ppp [2, 3]. Including the
margin, the goal of hardware development is to operate with
the repetition period of 1 sec. Proton beams are injected into
J-PARC MR at 3 GeV by four kicker magnets [4–6] and extracted at 30 GeV by five kicker magnets [7]. The MR stores
2 × 4 proton bunches extracted from the RCS. Two bunches
are deflected by one kicker pulse. After accelerating the
injected beam, all bunches are extracted by one pulse of the
extraction kicker magnet. To achieve the 1.3 MW operation,
both kicker system are required to upgrade.
∗

NEW CHARGING POWER SUPPLY
FOR FX KICKER MAGNETS
A new charging power supply for the modulator of the
fast-extraction (Fx) kicker system has been developed to
achieve the repetition period of 1 sec. The Fx kicker system
is composed of 5 lumped constant kicker magnets powered
by pulse forming network (PFN’s) [8, 9]. The modulator
consists of 60 parallel capacitors which each of them is
20nF, two thyratrons, shunt diodes, and termination resistors. Originally the capacitors were charged in 1.8 sec using
an industrial high voltage power supply. However, shorter
charging time is required to achieve the acceleration time
of 0.58 sec when the repetition period will be shortened to
1.16 sec [3]. Nominal charging voltage is 33kV to extract
the beam to the neutrino target. To achieve the charging
time to be less than 0.58 sec the output charge must be more
than 68.3 mA. Including the margin, the maximum output
current is set to 200 mA. Figure 1 shows the block diagram
of the new charging power supply of the PFN. The output
voltage is controlled by the Pulse Width Modulation (PWM)
control. The voltage jitter must be less than 1% and 0.1%
for the ramping period and the flat top respectively. A surge
blocking diode is introduced to prevent from the break down
due to the surge current after switching on the thyratron.
There is a functionality to control the output voltage by applying the analog voltage (0-5 V). The charging voltage of
the PFN is followed to the ramping pattern of the proton
beam energy. The maximum charging voltage is 40 kV and
the nominal current is 200 mA. Figure 2 shows the waveform
of the voltage of PFN measured by high voltage probe (blue
line), the output current (green line) and the pattern voltage
(red line). To compare the performance, the waveform of
the charging voltage of the old charger was also measured..
The minimum ramping time of the new power supply was
measured to be less than 200 msec. We confirmed that the
continuous operation for the repetition period of 1 sec had
done for several hours without any problem.

Figure 1: Schematic diagram of the new charging power
supply for the Fx kicker magnet.
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OPTIMIZATION OF STAGGERED ARRAY UNDULATOR*
L.J. Chen†, Q.K. Jia, USTC/NSRL, Hefei, China
M. Li, P. Li, J.X. Wang, D. Wu, D.X. Xiao, L.G. Yan, X.F. Yang, CAEP/IAE, Mianyang, China
Abstract
The staggered array undulator (SAU) consists of staggered poles and solenoid coils that form a periodically
aligned transverse magnetic field in the pole gap. The addition of magnets in the longitudinal gap between the poles
further enhances the peak field strength of the undulator. A
method of enhancing the peak field strength of the undulator using cryogenic temperature permanent magnets and
adding side magnets has been studied. The remanence of
the magnet will increase at low temperatures and the peak
field strength of the undulator will increase. The side magnets do not increase the maximum peak field strength of
the undulator, but can reduce the solenoid magnetic field
requirements and reduce the solenoid volume and cost. The
influence of the special magnetic pole and magnet shape
on the peak field strength of the undulator has also been
studied.

of undulators to increase by more than 10% [6]. Based on
this, we are exploring ways to increase the peak magnetic
field strength of SAU, including cryogenic temperature
and adding side magnets.

CRYOGENIC TEMPERATURE AND SIDE
MAGNETS
The remanence of PrFeB can be increased to about 1.7 T
at a low temperature of a few K. We determined the remanence as Br = 1.5 T, which is relatively easy to achieve.

INTRODUCTION
Short period is an important direction for the development of undulators, and it is an important and effective
method for miniaturization of free electron lasers and obtaining short wavelengths [1]. By shortening the period of
the undulator, a shorter undulator length can be obtained.
According to the resonance relationship [2], a lower electron beam energy can be used for a given wavelength,
which facilitates the miniaturization of free electron laser,
or for a given energy beam, a shorter wavelength of radiation can be obtained. However, when the period of the conventional undulator is shortened, the undulator parameter
is reduced as 𝐾 = 0.934𝐵(T)𝜆 (𝑐𝑚) [3]. In order to keep
the undulator parameter K from decreasing as the undulator
period is shortened, it is necessary to simultaneously enhance the field strength of the undulator. The staggered array undulator is a popular short period undulator scheme.
The period of SAU can usually be very short, and the peak
field strength can be very high. Its field strength is altered
by changing the solenoid current. Large solenoid current
makes the peak field of SAU be able to at or close to the
maximum of the value physically allowed [4]. In the staggered array undulator of Sasaki et al., the peak field
strength of the undulator is enhanced by placing longitudinally magnetized magnets (Mz magnets) between the poles
(Fig. 1) to avoid saturation in poles when the longitudinal
field strength is large (>1.0 T) [5]. At cryogenic temperatures, the remanence of materials such as NdFeB and
PrFeB can be increased by 20%, allowing the field strength

Figure 1: The structure of SAU. The magnetization direction of the magnet is opposite to the magnetic field of the
solenoid.

Figure 2: The structure of the cross section of SAU. The
horizontal rectangles represent the magnetic pole and magnet of the SAU. The vertical rectangles represent the side
magnets outside the SAU, whose magnetization direction
is opossite to the solenoid. The outer ring represents the
solenoid.
Figure 1 shows the structure of SAU. The cross section
of SAU is shown in Fig 2. Side magnets are added to the
outside of the SAU magnet and magnetic pole. The magnetization direction of the side magnets is opposite to that
of the solenoid.

___________________________________________

* Work supported by National Key Research and Development Program of
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HEPS-TF SUPERCONDUCTING WIGGLER CONTROL SYSTEM*
J.C. Wang, C.P. Chu, Y. Gao, Q. Le, J. Liu, R. Ye, M.C. Zhan
Key Laboratory for Particle Acceleration Physics & Technology
Institute of High Energy Physics, Chinese Academy of Science, Beijing P. R.China
Abstract
Superconducting Wiggler (SCW) is an important development direction of insertion devices for modern light
source.it is also the key technology of High Energy Photon
Source Test Facility (HEPS-TF) Insertion device system
research. SCW control system involves power supply, cryogenics vacuum and other devices’ control. Serial port
server was built for the SCW control system, with EPICS
DB to make the PID algorithm for heater & superconductor
cavity pressure, temperature, and with Ziegler-Nichols
method to quickly find appropriate PID parameter.

EPICS CSS is used as user interface development tools
and embedded JavaScript for power supply’s control.
EPICS archiver is used at field site to facilitate the storage and query of historical data.

INTRODUCTION
Superconducting Wiggler (SCW) is the key technology
of High Energy Photon Source Test Facility (HEPS-TF) Insertion device system research. SCW controlled equipment
includes three digital power supplies, several cryogenic
temperature acquisition instruments, vacuum gauges, pressure gauges, heaters, pressure relief valves and so on; see
Figure 1.

Figure 2: The structure of SCW EPICS control system.

REALIZATION OF PID ALGORITHM
AND ZIEGLER-NICHOLS METHOD
Because all equipment signals such as pressure, heater
current and magnet temperature have been collected into
EPICS DB as digital signal, incremental PID algorithm
have to realize in EPICS IOC with EPICS DB design.
Incremental PID algorithm is
△U(k)= U(k)-U(k-1)=KP (e(k)-e(k-1))+ki e(k)
+kd (e(k)-2e(k-1)+e(k-2))
Figure 1: Superconducting Wiggler (SCW) control system
at field site.

ARCHITECTURE OF SCW EPICS CONTROL SYSTEM

The calculated increment is only related to the deviation
of the last three acquisitions. We adopt Ziegler –Nichols
method to get the PID parameters quickly and adjust
slightly to get the proper PID parameters for control system.

The hardware of SCW control system is designed with
distributed control structure. Several serial servers are used
to collect digital signals from controlled devices to EPICS
IOC. Serial servers communicate with controlled devices
using RS485/RS232 bus.
The software architecture of SCW control system (Figure 2) adopts EPICS system, which communicates with serial servers by Streamdevice driver support [1]. In EPICS
IOC, EPICS DB [2] is reasonably designed to make PID
algorithm and judgment of the valve switch.
_________________________________________

* Work supported by High Energy Photon Source Test Facility:
† wangjc@ihep.ac.cn

Figure 3: Ziegler-Nichols method step response.
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SIMULATIONS OF THE ACTIVATION OF A PROTON THERAPY
FACILITY USING A COMPLETE BEAMLINE MODEL WITH BDSIM
R. Tesse∗ , E. Gnacadja, N. Pauly, C. Hernalsteens1
Service de Métrologie Nucléaire, Université libre de Bruxelles, Brussels, Belgium
S. Boogert, L. Nevay, W. Shields,
John Adams Institute at Royal Holloway, University of London, United Kingdom
1 also at Ion Beam Applications (IBA), Louvain-la-Neuve, Belgium

Abstract

A detailed model of the IBA Proteus® One compact gantry
system has been created with BDSIM (Beam Delivery Simulation) that has been validated against experimental data.
Results regarding activation studies have been obtained for
the first time using seamless simulations of the transport
of protons in the beamline and their interactions with the
environment. The activation of the concrete shielding of the
system is estimated after a period of 20 years of operation.
These main results are presented and discussed in detail.

INTRODUCTION

Beam transport simulations for proton transport systems
are typically performed using a suite of simulation tools of
increasing complexity. The leading order optical properties
of the beamline are designed with an optics code (e.g. Transport [1], MAD-X [2]), finer details of the beam properties
along the beamline and at isocenter, as well as the overall beamline transmission are computed with multi-particle
tracking codes such as Zgoubi [3] or MAD-X/PTC [4]. However, the specifics of proton therapy beamline require that
computations on models with a higher level of details include
not only a higher order integration in magnetic fields but
also include details of particle-matter interactions. Indeed,
cyclotron-based proton therapy installations (such as the IBA
Proteus® One compact system) use a fixed-energy accelerator with the energy modulation performed using an energy
degrader. This energy degradation will be the main cause of
emission of secondary particles; especially neutrons. They
will interact with the concrete shielding and generate an
activation of the concrete by capture or spallation reactions.
This activation is an issue from the point of view of waste
management. The International Atomic Energy Agency
(IAEA) has defined threshold values for acceptable activity
concentration, called clearance levels [5]. If the activity
concentration (A) of the isotope is above the clearance level,
the material shall be considered a nuclear waste and must
be treated adequately. A is given by the following relation:
∫
A = λN ×
φ(E)σ(E)dE ,
(1)
where λ is the decay constant, N is the atomic density in
g−1 , φ is the neutron flux in MeV−1 cm−2 and σ is the cross
∗

section of the considered reaction (capture or spallation) in
cm2 .
BDSIM has been recently developed to provide a unique
tool to describe the tracking of particles inside the machine
and to simulate particle matter interactions based on Geant4
[6], including for medical applications [7, 8].
The structure of this work is as follow. First, the properties
of the beam at the exit of the accelerator and the BDSIM
model of the Proteus® One are presented. Then, the model is
validated against experimental data and an estimation of the
quantity of radioactive concrete is computed after 20 years
of system use, without dead-time.

BEAM PROPERTIES AT THE EXIT OF
THE ACCELERATOR
The particle accelerator of a Proteus® One system consists
of a superconducting synchrocyclotron (S2C2). The extraction of the beam is a complex process and has to be modelled.
W. Kleeven et al. [9] have made an entire OPERA3D model
of the S2C2 and have simulated with Advanced Orbits Code
(AOC) the particle distribution at the exit of the accelerator.
The phase space of the S2C2 beam obtained in that way is
shown for both planes in Fig. 1 and is used as an input of
our simulations.

BDSIM MODEL OF THE PROTEUS® ONE
SYSTEM
Beam Delivery Simulation (BDSIM) is a C++ program
which uses a suite of standard physics codes: GEANT4,
ROOT and CLHEP. This software models the propagation
of the beam along a beamline and simulates the interactions
between the beam and the different components of the beamline [6]. A 3D model of the beamline is generated using
optical descriptions of magnetic components and uses a thick
lens first order matrices for tracking in vacuum. Moreover,
realistic geometries from CAD software can be imported
easily using the GDML format built from an external library
(pyg4ometry [10]).
The BDSIM model of the ProteusOne beamline is shown
in Fig.2. The proton beam (in blue) first interacts with a
realistic model of the degrader (see CAD model in [11]) and
then is transported up to the isocenter with quadrupoles (in
red) and dipoles (in blue).
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DESIGN AND PROGRESS OF MECHANICAL SUPPORT IN HEPS
Chunhua Li†, Haijing Wang, Ningchuang Zhou, Minxian Li, Zihao Wang, Lei Wu,Yi Jiao
Institute of High Energy Physics, Beijing, China

Abstract
HEPS is a new generation synchrotron facility with very
low emittance. Stringent requirements are proposed to the
design of mechanical support. The alignment error between
girders should be less than 50 μm. Based on that, the adjusting resolution of the girder are required to be less than
5 μm in both transverse and vertical directions. Besides, the
Eigen frequency of magnet & girder assembly should be
higher than 54 Hz to avoid the amplification of ground vibrations. To fulfill these requirements, studies on mechanical support design is now being carried out in HEPS. This
paper will describe the design and progress of those work.

Stringent alignment accuracy requests high adjusting
resolution of the girders. Table 2 shows the requirements.
The resolution should be better than 5μm in transverse and
vertical directions and 15 μm in longitudinal direction. For
the support unit, the mass of the magnets is a certain value
and the natural frequency is mostly decided by the stiffness
of the system. The mechanical design of the support is focused on the improvement of the stiffness of the whole system.
Table 2: Requirements for Support System
Parameter
Resolution

INTRODUCTION

HEPS storage ring consists of 48 modified hybrid 7BA
achromats. The circumference is 1360.4 m and each arc
section is about 28 m. HEPS is designed with very low
emittance of less than 60 pm.rad to provide much brighter
synchrotron light. Precise positioning and stable supports
of the magnets are required. The alignment error between
magnets on a girder should be less than 30 μm in horizontal and vertical direction, and that between girders should
be less than 50 μm. Also, Eigen frequency should be
higher than 54 Hz to decrease amplification of ground vibrations, which is very challenging. The requirements are
listed in Table 1& Table 2 [1].
Table 1: Alignment Tolerance
Tolerances

Girder to Girder
Magnet to
Magnet
Transverse
0.03μm
0.05μm
Vertical
0.03μm
0.05μm
Longitudinal
0.15mm
0.2mm
Pitch/yaw/roll 0.2mrad
0.1mrad
Considering the support stability, concrete plinths are
adopted as the installation plane. With the higher damping,
concrete can depress the vibration amplitude effectively.
According to the layout of the magnets, there are 6 support
units for the multipoles in each arc section, including
2 FODO modules, 2 MULTIPLET modules and 2 QDOUNLET modules, as shown in Fig.1. The adjacent multipoles share one girder and are seated on the plinths
through adjustable wedge mechanisms, while the 5 longitudinal dipoles are bridged between the plinths.

Eigen frequency

Transverse
Vertical
Longitudinal

Value
≤5μm
≤5μm
≤15μm
≥54Hz

DESIGN CONSIDERATIONS
The support unit consists of magnets, girder body, plinth
and joints between each two parts and it can be simplified
as Fig. 2 shows. All of above contribute to the overall stiffness of the support system and should be well designed.
Mechanical design considerations include following aspects:
1. Girder supports should be as close as possible to beam
height to reduce geometric amplification of ground vibrations.
2. Adequate section height of girder body will improve
bending resistance and should be ensured.
3. Support span should be increased in transverse direction properly, to resist overturning moment effect.
4. Contact area between conjunction parts is critical for
good stability of the whole support system.

Figure 2: Support system diagram.
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Figure 1: One arc section (1/48).
___________________________________________
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DESIGN OF THE SUPPORT SYSTEM
The support unit is designed as Fig. 3 shows. The girder
should be capable of moving in 6 dimensions and the adjusting mechanisms are designed with 6 sets in vertical
direction, 2 sets in transverse and 1 set in longitudinal
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QUENCH DETECTION AND DIAGNOSTIC SYSTEMS FOR THE
SUPERCONDUCTING CIRCUITS OF THE HL-LHC∗
R. Denz† , D. Blasco Serrano, D. Calcoen, V. Froidbise, S. Georgakakis, S. Haas, E. de Matteis,
S. Mundra, T. Podzorny, A. Siemko, J. Spasic, J. Steckert, CERN, CH-1211 Geneva 23, Switzerland
Abstract
The High Luminosity Upgrade of the LHC [1] will incorporate a new generation of superconducting elements
such as high field superconducting magnets based on
Nb3 Sn conductors and MgB2 high temperature superconducting links for magnet powering. The proper protection
and diagnostics of those elements require the development
of a new generation of integrated quench detection and data
acquisition systems as well as novel methods for quench
detection. The next generation of quench detection systems
is to a large extent software defined and serves at the same
time as high performance data acquisition system.

set of two independent units reading signals from two redundant sets of instrumentation voltage taps. Each unit is
powered by two independent power supply units, which are
supplied by different uninterruptible power supply (UPS)
230 V AC feeds. The UQDS units are equipped with configurable hardware interlocks for the power abort signal and the
activation of the protection elements of the magnet circuit
such as quench heater discharge power supplies (DQHDS),
Coupling Loss Induced Quench units (CLIQ) [3] and energy
extraction systems. The built-in field-bus interface, either of
the WORLDFIPTM or the POWERLINKTM standard, provides
the data link to the front-end computers of the accelerator
control system.

INTRODUCTION
The protection of the superconducting elements of the
High Luminosity Upgrade of the LHC (HL-LHC) will
rely on highly dependable quench detection systems (QDS)
adapted to the specific properties of superconducting materials such as Nb3 Sn and MgB2 . For the HL-LHC QDS a
unified approach, the Universal Quench Detection System
(UQDS, see Fig. 1) has been proposed [2]. A part from the
enhanced capabilities for quench detection, the integrated
data acquisition system offers significantly higher sampling
rates and resolution than previously installed systems.

THE UNIVERSAL QUENCH DETECTION
SYSTEM UQDS
As a flexible and generic system, the UQDS architecture is not bound to a specific quench detection algorithm
and can be easily configured according to the requirements
of the protected superconducting element or circuit. One
of the key elements of the UQDS architecture are the analogue front-end channels equipped with a high-resolution
analogue to digital converter (ADC) of the successive approximation type. In the current implementation up to 16 of
such channels connect to a field programmable gate array
(FPGA), which processes the acquired data and executes
the quench detection algorithms. Optionally, the number of
analog input channels can be extended up to 32. Insulated
DC-DC converters and digital isolators for the serial data interfaces provide galvanic isolation of the analogue channels.
The galvanic isolation of each individual analogue front-end
channel allows a flexible usage of the magnet instrumentation, as there is no limitation by any common-mode potential
differences in the comparison of the magnet voltages. To
enhance reliability, UQDS units are always deployed as a
∗
†

Research supported by the HL-LHC project.
Reiner.Denz@cern.ch

Figure 1: UQDS v2.1 crate serving as the base line prototype
for the HL-LHC quench detection system.

UQDS APPLICATION FOR HL-LHC
Table 1 summarizes the foreseen deployment of UQDS
units within the HL-LHC, which will cover 72 superconducting magnet circuits. The present implementation requires
only the UQDS systems for the 11 T dipoles to be radiation
tolerant with an expected maximum total integrated dose
rate of 10 Gy/year [4]. The allocation of UQDS units is not
yet final and depends as well on the number of analog input
channels per unit.

Quench Detection for 11 T Dipole Magnets
The Nb3 Sn based 11 T dipole magnets type MBH [1] will
be installed in series to the LHC main bending dipoles in
sectors 6-7 and 7-8. Located close to both sides of IP7, the
shorter but stronger 11 T magnet will provide space to insert
additional collimators. The quench detection algorithm [5]
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THE DEFORMATION-STRESS SIMULATION AND MEASUREMENT OF
TITANIUM FOIL STRIP FOR HADRON MONITOR
A. X. Wang†1, J. L. Sun1, X. J. Nie1, X.L.Wu1, D. H. Zhu1, J. B. Yu1, J. X. Chen1, H. Y. He1, Y. J.
Yu1, C. J. Ning1, G. Y. Wang1, J. S. Zhang1, L. Liu1, L. Kang1, Institute of High Energy Physics,
Chinese Academy of Sciences, 100049 Beijing, China
1
also at Dongguan Neutron Science Center, 523808 Dongguan,China
Abstract
The measurement of beam profile by hadron monitor is
in fact the measurement of the positive current after the
secondary electrons escaped. According to the situation
that the number of beam particles (10 11/s) is small and
the current signal is weak, the material titanium with high
secondary electron generation rate is select by material
comparison, and the foil strip type is used to increase the
cross section area to obtain lager current level. On
account of dead weight itself, as well as thermal
expansion and contraction, the foil strip shall be loose.
The loosen strip will deviate from its theoretical position,
and cause the measuring error. Therefore, the
deformation-stress of Ti foil strip (1000*50*0.1) was
simulated under the pretension (10~90N) with the finite
element software ANSYS. A set of experiment device
with pretension adjustment and heating for the foil strip
was designed, and then the deformation-stress was tested
by a high precision 3-D imaging measurement system.
Compared with the simulation results, the pretension
would better set at about 50N.

INTRODUCTION
When possessed with sufficient kinetic energy
generated by beam particles bombardment, electron of the
signal wire would overcome and escape from the surface
potential barrier, these are secondary electrons. The
measurement of beam profile by hadron monitor is in fact
the measurement of the positive current after the
secondary electrons escaped. Because the signal
proportionally depends on the number of particles, many
wires distributed in X/Y direction of hadron monitor can
bring out the beam profile.
During the operation time, the monitor is inserted into
the beam area, and the signal wire has a semi-blocking
effect on the beam, resulting in beam scattering and
energy loss. Partial of the lost energy will deposited in the
wire, which can cause heating and temperature rising. On
account of dead weight of signal wire itself, as well as
thermal expansion and contraction, the wire shall be loose.
The loosen wire will deviate from its theoretical position,
and cause the measuring error [1].
To sum up, for ensurance of sufficent accuracy
requirement, it is necessary to carry out the simulation
and measurement on the position accuracy of the wire
with corresponding measure, such as pretension.
___________________________________________

MATERIAL AND STRUCTURE
During the development of SEM (secondary electron
monitor), various materials were analyzed and compared
by Fermi Lab. The results indicated that Ti has not only
excellent mechanical strength and thermal performance to
meet the measurement needs, but also high secondary
electron production rate which appears to maintain its
secondary electron yield even after lager particle fluences
[2-3]. So, Ti is chosen as the material of signal wire.
For collection of secondary electron signal, the shape
of structure is also deserved more consideration. Because
the quantity of beam particles in the position of hadron
monitor is relatively small, beam profile needs to be
measured by the method of weak current [4].
The emission of secondary electrons mainly occur in a
very thin layer on the surface, which is related to the
properties of the incident particle (such as elements,
energy and incident angle) and surface state (such as
surface adsorption layer, etc.). According to the
Sterngless theory, the order of magnitude of secondary
electron yield can be estimated:

Y

P  d dE
E * dx

(1)
In which Y is the secondary electron yield, P is the
generation probability of secondary electron, d is the
*

average depth of secondary electron generated, and E is
the average kinetic energy deposited by each single
ionized particle, �� ⁄�� is nuclear retardation ability.
Secondary electronic signal generated can be calculated:



 

I SEM  Y    I beam

is

 wire
the

2  rms

ratio

of

the

intercepted

(2)

beam ，

 wire is the wire diameter [1].

From the above, changing the signal wire structure
from cylinder into foil strip can greatly increase the ratio
of interception beam by increasing the cross section area,
which can improve the level of secondary electronic
signal and obtain higher measurement sensitivity
accordingly.

DEFORMATION-STRESS SIMULATION
In order to obtain

appropriate secondary electron
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THERE-DIMENSIONAL SIMULATION OF A C-BAND 32-BEAM
KLYSTRON
Zening Liu1,2, Hao Zha1,2, Jiaru Shi1,2, † , Huaibi Chen1,2
Department of Engineering Physics, Tsinghua University, Beijing 100084, PR China
2
Key Laboratory of Particle and Radiation Imaging of Ministry of Education, Tsinghua University,
Beijing 100084, PR China
1

Abstract

A 32-beam klystron working at 5.712 GHz has been designed with efficiency of 70% and output power of 3.4
MW. Core oscillations method (COM) is chosen to bunch
electrons. The code KlyC is used for 1-D and 1.5-D calculation and a series of parameters are given after optimizing,
including the position, frequency, R/Q, Q0 and Qe of cavities. CST/PIC is used to make the final design and coaxial
cavities are used. This paper describes 1-D, 1.5-D and 3-D
beam dynamics of the klystron, compares their differences,
and analyses effect of these differences on efficiency.

INTRODUCTION

Klystron, the microwave generating device, is widely
used in the field of particle accelerator. There are increasing demands for the klystron with the development of large
accelerators such as Compact Linear Collider (CLIC) and
Future Circular Collider (FCC). The klystron is not only
required to produce a high radio frequency (RF) power but
also have a high efficiency [1]. Therefore, there is increasing research on the klystron [1-4].
The development of the klystron depends on enhancing
computer codes. 1-D codes such as AJDisk [5] which have
a short simulation time are usually used to make an optimization. 2-D codes such as TESLA [6] which have a high
simulation accuracy are usually used to predict the efficiency. KlyC which is a 1-D/1.5-D large-signal klystron
simulator is recently developed at CERN as an efficient
and fast enough tool [7]. However, these codes use different approximations to economize on computation time [7]
and high order modes which are likely to results in high
order mode oscillation are ignored in these codes. Consequently, 3-D codes such as CST/PIC is still necessary for
designing and building a klystron, especially a multi-beam
klystron (MBK).
A 32-beam klystron which has shown advantages such
as low operating voltage, broad bandwidth and high
efﬁciency [8] is designed in this paper. KlyC is used for 1D and 1.5-D calculation and CST/PIC is used for 3-D calculation. The electron model, beam dynamics, including
bunching and decelerating process, and the efficiency of 1D, 2-D and 3-D calculation are compared.

A CASE OF A MULTI-BEAM KLYSTRON

A C-band klystron has been designed in 2017 with AJDISK [9]. Some parameters have been modified as the initial design of this paper, including the voltage, the radii of

each beam and each tube, the beam number and input
power. The design in 2017 has used core oscillations
method (COM) which has shown a potential of achieving
90% efficiency [1] to obtain a high efficiency of 80%.
Therefore, this method is used to bunch electrons in this
paper.

Parameters Selection
The voltage is set to 55 kV, and the single-beam current
is set to 2.8 A. The operation frequency is 5.712 GHz. Each
beam has a radius of 1.8 mm and the tube has a radius of 3
mm. Taking account for the MBK which has 32 beams, the
input RF power of each beam is set to 0.78 W to insure a
low total input RF power, which is also ordered to obtain a
high gain.
A series of parameters of cavities including the R/Q
and M are calculated by CST/Eigenmode and they are used
as the 1-D and 1.5-D input parameters. The other parameters need to be optimized for obtaining a high efficiency.

Parameters Optimization
KlyC has an optimizer that automatically optimizes efficiency. After optimization, the efficiency and gain reached
75% and 52 dB respectively in a 1-D calculation result.
Optimized parameters are shown in Table 1.
1.5-D results will be obtained if the layer number is set
to be more than 1. Taking into account the calculation time
and accuracy, the value is set to 4. The efficiency and gain
reached 70% and 51 dB respectively in this situation.
Table 1: Some Parameters After Optimizing
Cavity ID
1
2
3
4
5
6
7
8

Qe
511

224

Frequency
5712.2 MHz
5729.8 MHz
5778.6 MHz
5765.7 MHz
5800.0 MHz
5781.0 MHz
5767.3 MHz
5708.2 MHz

Position
0 mm
70.7 mm
193.6 mm
316.9 mm
397.3 mm
481.0 mm
517.2 mm
545.1 mm

Cavity Configuration
There are 14 beams in the inner circle and 18 beams in
the outer circle. The inner circle and outer circle have a radius of 19 mm and 26 mm respectively. Coaxial cavities in
the TM010 mode should be chosen to obtain accepted R over
Q and M and adapt the multi-beam configuration. The 3-D
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DESIGN OF A COMPACT VARIABLE X-BAND RF POWER SPLITTER
Focheng Liu1,2, Jiaru Shi1,2 , Hao Zha†1,2, Huaibi Chen1,2, Jiayang Liu1,2, Zening Liu1,2
1
Department of Engineering Physics, Tsinghua University, Beijing, China
2
Key Laboratory of Particle and Radiation Imaging of Ministry of Education, Tsinghua University,
Beijing, China

Abstract
This paper presents a design of a compact variable Xband RF power splitter. The RF power splitter includes one
input port and two output ports, and the power division ratio can be adjusted by changing the position of a short circuit piston. This system keeps a good match (less than -40
dB) at any power division ratio. An E-bend waveguide
structure is selected to make the geometry more compact
(11cm in length, 3.5cm in width and 5 cm in height). Special studies was conducted to sustain a low surface electrical field (maximum 65 MV/m at 100 MW input), and large
bandwidth (250MHz). This power splitter is designed for
high-power test stand at Tsinghua University.

INTRODUCTION

A high RF power (50 MW) X-band test stand was constructed at Tsinghua University [1]. Accurate power adjustment and division is required for different situations, such
as high-power performance tests of new designed RF components and several branch experiments simultaneously.
A usual approach to adjust the power level is to change
the power of input signal or the emit current of the klystron.
This approach changes the working state of the power
source which is hard to measure. A design of power splitter
with arbitrary division ratio was presented in ref [2], which
is able to adjust the input power at the device under test
without changing the power source. Another advantage is
only one klystron used in this approach, different from two
klystrons sources system presented in ref [3]. The design
of power splitter was manufactured and was installed in the
X-Box test stand at CERN.
RF power splitter has been researched for years [4-8].As
Fig.1 showing, this method uses only one klystron as
power source and the driving power is divided into two
ways through power splitter: one port is connected to next
devices, another is connected to matched RF load or attenuator with low power controlling and measuring system
followed. To realize power splitter’s function, this component should have following features: power division ratio
can be adjusted to arbitrary number; whole component
should be matched, which means little reflection in input
port. To bring it into practical application on high-power
test stand (power level up to 100MW), surface electronic
field, compactness, and bandwidth should also be considered.
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Figure 1: RF power splitter.
This paper presents a more compact design by optimization of RF circular polarizer and using E-bend waveguides.

PRICIPLE OF DESIGN
The detailed principle is explained in Ref [2]. A different
explanation is briefly showed in this part. Fig. 2 shows the
schematic of choke-mode. Choke-mode basically is a
three-port tee junction, and a designed component as RF
impedance combiner so that impedance seen from each
port is the sum of other two port. If one port is matched as
output while another port is shorted with phase difference
φ, the normalized impedance seen by the input port can be
calculated:
Z1 = Z2 + Z3 = jtanφ + 1
Where Z1，Z2，Z3 are, respectively, the impedance of
three ports, and j is the imaginary unit.

Figure 2: Schematic of choke-mode.
So the impedance of input port can be adjusted by changing the position of shorted plane connected to port 2. When
phase difference φ = N ∗ π , Z1 = 1 , meaning chokemode is fully open without any reflection; when phase difference φ = + N ∗ π, Z1 = ∞, meaning choke-mode is
fully closed with all power reflected. Thus, choke-mode
equals a switch in transmission line.
The schematic of the RF power splitter is shown in Fig.3.
Two choke-mode are introduced in 3-port network, and
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PRELIMINARY DESIGN OF MECHANICAL SUPPORTS FOR THE
BOOSTER OF HEPS
H. Wang*, C.H. Li, C. Meng, H. Qu
Institute of High Energy Physics, Beijing, China
Abstract
The Booster of High Energy Photon Source (HEPS) is a
454 meters ring with the repeat frequency of 1 Hz. The natural frequency of the magnets and their support assembly
should be higher than 30 Hz. The alignment requirements
on quadrupole and sextupole are better than 0.1 mm in x
and y direction. This paper will discuss the preliminary design of the mechanical supports in Booster ring, as well as
the discussion of finite element analyses results.

assembly is above 30 Hz, to decrease the transmission of
vibration to storage ring. The stiffness of the support
should be considered.
Table 2: Requirements on Alignment
Magnets

Direction

Dipole

x/y/z

0.2

mm

Roll

0.2

mrad

x/y

0.1

mm

z

0.2

mm

Roll

0.2

mrad

x/y

0.1

mm

z

0.2

mm

Roll

0.2

mrad

x/y/z

0.2

mm

Roll

0.4

mrad

Quadrupole

INTRODUCTION
HEPS (High Energy Photon Source) is an ultralow-emittance synchrotron light source to be built in Beijing, which
includes Linac, Booster, storage ring and transport lines.
The Booster has four-fold symmetric FODO lattice design.
The main parameters are listed in Table 1.
Table 1: Main Parameters of the Booster
Parameters

Units

Injection

Energy

GeV

0.5

6

Current

mA

11

13

nm.rad

41

35

Emittance
Repetition rate

Hz

Sextupole

Corrector

Extraction

1

m
454.066
Circumference
The magnet support is composed by steel girder and concrete plinth. In the FODO section, the adjacent quadrupoles, sextupoles and correctors share a common girder
and are pre-aligned before tunnel installation, while the dipole magnets have an individual girder each, which crosses
over two plinth. In the straight section, the adjacent quadrupoles and correctors share a common girder and other
magnets all have individual girders. Figure 1 shows one
eighth of the Booster magnets and their supports.
Table 2 shows the alignment requirements on the magnets in Booster, based on which the adjusting ranges and
resolution has been determined, which is listed in Table 3.
The repetition rate of the booster is 1Hz. The physics
requirement on natural frequency of magnets and support

Alignment error

Units

Table 3: Adjusting Ranges and Resolution
Adjusting
range

Resolution

x

≥±10

≤0.02

mm

y

≥±10

≤0.02

mm

z

≥±10

≤0.02

mm

Direction

Units

STRUCTURE DESIGN
Pre-aligned Girder
The adjacent quadrupoles, sextupoles and correctors
which share a common girder will be pre-aligned first, both
for the FODO section and the straight section. One typical
pre-aligned girder is shown as Fig. 2. The welded girder is
at the top centre of the plinth. To avoid long-term deformation, stress relieving will be done sufficiently. Aluminium thin supports are used at both ends of vacuum tubes.
.

Figure 1: One eighth of the Booster magnets and their supports
___________________________________________
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PROGRESS AND TDR PLANS OF THE MECHANICAL SYSTEM OF
CEPC*
Haijing Wang*, Sha Bai, Minxian Li, Yudong Liu, Cai Meng, Huamin Qu, Jianli Wang,
Peng Zhang, Ningchuang Zhou
Institute of High Energy Physics, Beijing, China

Abstract

The TDR of CEPC is aimed at the key science and technology problems and makes preparations for the real project. This paper will describe the progress of mechanical
system including the regular supports and transport vehicle
design, the mockup plan, the installation scenario of machine detector interface (MDI) and the movable collimator,
as well as the TDR plans of mechanical system.

INTRODUCTION

The Circular Electron Positron Collider (CEPC) is a 100
km ring collider which has published its Conceptual Design Report (CDR) in November, 2018 [1]. Now CEPC has
run into the Technical Design Report (TDR) stage, which
aims at the key science and technology problems and
makes preparation for the real project.
The mechanical system is responsible for the magnet
supports, the installation scenario and some important devices at machine detector interface (MDI) and movable
collimators. Particularly, the magnet supports include the
supports for regular magnets and superconducting magnets
at MDI. For the installation of the magnets, transport vehicles with three degrees of freedom and certain precision are
also under consideration. This paper will describe the progress of mechanical system as well as the TDR plans.

Manually adjusting has been chosen for the regular supports owing to its simple structure and low cost, using bolts
for vertical adjusting and push-pull bolts for horizontal adjusting. The adjusting ranges are shown in Table 1.
Table 1: Adjusting Range and Resolution of Regular Supports
Resolution
Range of adjustment
X
≥±20mm
≤±0.02mm
Y
≥±30mm
≤±0.02mm
Z
≥±20mm
≤±0.02mm
Δθx
≥±10mrad
≤±0.05mrad
Δθy
≥±10mrad
≤±0.05mrad
Δθz
≥±10mrad
≤±0.05mrad
In Collider and Linac (including Damping Ring), the
magnets are supported to the ground by concrete. In
Booster, the magnets are hanged on the wall of the tunnel
by steel frames. While in Transport Lines, the magnets are
either supported like the Collider ring or like the Booster
ring, due to the location of magnets.
In order to minimize the deformation of magnets, especially for the dipoles which length is over 5 meters, and to
enhance the rigidity of the magnet supports in Booster, optimizations has been done in our previous work [2]. Figure 2 to Fig. 3 show some typical support structures.

REGULAR SUPPORTS AND TRANSPORT
VEHICLES

The CEPC is composed by the double ring Collider, the
Booster, the Linac and Transport Lines as shown in Fig. 1.
Over 75% of the length is covered by magnets of about 140
types, each magnet needs to be supported. Besides, the accelerating tubes, vacuum tubes, instruments also need supports. The aims of the support design are as follows:
 Simple and flexible structure.
 Small deformation and good stability.
 Low cost.

Figure 1: Schematic diagram of CEPC.

Figure 2: Supports for dipole, quadrupole and sextupole
in collider.

Figure 3: Support for dipole in booster.
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PRELIMINARY MAGNETIC FIELD CALCULATION OF A 30-DEGREE
DIPOLE MAGNET*
H. Liang†, K. Tang, J. Ye, Y. Xie, C. Jiang, T. Liu, T. Yu, J. Huang, J.Yang, B. Qin
Institute of Applied Electromagnetic Engineering
Huazhong University of Science and Technology, [430074] Wuhan, China

e

Pole surface

G

Preliminary design and field calculation of a 30-degree
H-type dipole which can be applied to the beamline is introduced in this paper. According to the physical requirements, 2D and 3D models are built and analysed using
OPERA. For achieving the magnetic field specifications,
air slots are adopted, and trapezoidal shim on pole surface
is used to improve the magnetic field error. Rogowski
curve and harmonic shim at the pole end is used to reduce
the integral magnetic field error and the higher order harmonic field error.

d

Abstract

a

b

Gap

c

INTRODUCTION

To delivery proton beam with energy range of 70 – 250
MeV (corresponding to rigidity of 1.23 – 2.43 T.m), the
beamline dipoles should have a wide operation range for
the central magnetic field of 0.82T-1.62T, with the bending
radius 1.5 m. According to its physical design, the integral
field error should be better than ±8E-4, and the harmonic
field error should be better than 5E-4. The parameters of
the dipole are shown in Table 1 [1]：
Table 1: Parameters of the Dipole
Parameter
Bending radius / mm
Bending angle / degree
Central magnetic field /T
Good field region / mm
Transverse magnetic field error
Integral magnetic field error
Integral harmonic field Error

Value
1500
30
0.82-1.62
±35
<=±5E-4
<=±8E-4
<=5E-4

2D MAGNETIC FIELD CALCULATION

According to physical parameters, the exciting ampereturns can be calculated. The specification for a single coil
is 13mm×13mm/Φ6 mm, and the coil cross-section size is
130 mm×182 mm in the dipole model. The cross section of
the dipole magnet is shown in Figure 1. According to the
empirical formula [2], the size of the magnet cross section
is obtained, and it is shown in the Table 2. In order to optimize the magnetic field distribution at 1.62T, air slots can
be used in the magnetic poles [3].

Figure 1: Cross section of the dipole.
Table 2: Magnet Cross-section Profile
Parameter

Value (mm)

Yoke width (a)

170

Coil window width (b)

150

Pole width (c)

380

Yoke width (d)

170

Coil window height (e)

200

According to the principle of harmonic shim [4], if we
only consider the elimination of third-order and fifth-order
harmonic field, the optimized pole surface equation is as
follow:
b
b
b1 y  3 (3 x 2 y  y 3 )  5 (5 x 4 y  10 x 2 y 3  y 5 )  b1 y0 (1)
3!
5!

___________________________________________

†huiliang@hust.edu.cn

THPTS043
4204

Figure 2: Pole surface curve.
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PARAMETER DESIGN OF A ROTATING COIL MEASUREMENT SYSTEM
FOR QUADRUPOLES
Y. Xie†, H. Liang, W. Chen, J. Yang, B. Qin
State Key Laboratory of Advanced Electromagnetic Engineering and Technology
College of Electrical and Electronics Engineering
Huazhong University of Science and Technology, Wuhan, China
Abstract
This paper describes the design research on a rotating
coil measurement system, which is used to measure the
integral field harmonics components of quadrupoles in the
beamline. The structure of the measurement system,
parameters design of the rotating coils and main error
analysis are described.

INTRODUCTION
For the integral harmonic field components
measurement of the quadrupole, the rotating coil method
has several advantages over Hall probe methods. Hall
probe method can’t directly measure the harmonic field
components. Besides, rotating coil method measures far
faster than Hall probe method [1].
The rotating coil measurement system introduced in this
paper can be applied to a normal conducting quadrupole
with pole aperture 80 mm (L270), which is the main
focusing element in a proton therapy beamline. The cross
section of the L270 quadrupole are shown in Fig. 1. The
main parameters are listed in Table 1.

ROTATING COIL INTEGRAL
HARMONIC FIELD COMPONENTS
MEASUREMENT SYSTEM
The rotating coil includes a primary coil and a
compensated coil. The rotating coil is shown in Fig. 2,
where the outer ring is the primary coil, the inner ring is
the compensated coil. The rotating coil is driven by the
stepping motor, which adopts the double-shaft extension
structure, whose one end drives the rotating coil and the
other end drives the angle encoder [2].

Figure 2: Schematic diagram of the rotating coil.
The structure of the rotating coil magnetic measurement
system is shown in Fig. 3. Main components of the system
include: computer-controlled module, digital integrator,
axis decoder, moving motor, rotating coil and so on. The
quadrupole is placed horizontally on a six-dimensional
adjustable platform. The rotating coil is wrapped by an
aluminium cylinder. One end of the coil is connected to the
moving motor and the other end is connected to the angle
encoder. The motor and the coil shaft are connected by a
coupling.

Figure 1: Cross section of the L270 quadrupole.
Table 1: Quadrupole Parameters
Parameters
Pole radius(mm)
Radius of good field region(mm)
Maximum gradient(T/m)
Effective length(mm)
Magnet yoke length(mm)
Higher order harmonic error

Value
40
32
18.0
270
240
≤5.0E-4

Figure 3: Structure diagram of the rotating coil measuring
system.
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PREPARATION OF TITANUM-ZIRCONIUM-VANADIUM FILMS
BY QUANTITATIVE DEPOSITION
Jieqiong Shao, Xiaoqin Ge, Wei Wei, Bo Zhang∗ , Sihui Wang,
Yuxin Zhang, Bangle Zhu, Chao Chen, Weimin Li, Yong Wang†
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China

Abstract

TiZrV has been used in vacuum technology and electric
vacuum devices due to its high pumping speed and low
activation temperature in recent years. At the same time,
many preparation methods have been developed. Different
from the current coating method of magnetron sputtering,
this paper discusses the preparation of thin film coating from
the viewpoint of vacuum sintering, which is flexible in design
and more suitable for operation. Based on the analysis of
the surface morphology of the sintered film, the feasibility
and operability of the experimental method were explored
from the surface compactness of the getter.

INTRODUCTION

With the development of science and technology, vacuum
has played an increasingly important role in production and
scientific research. Getter materials have been widely used
in vacuum technology, thanks to their high pumping rate
and large sorption capacity, as well as long service life and
low economic characteristics.
To maintain and establish a vacuum environment by soaking up or bonding to residual gas in the chamber, getters
use materials that readily form stable compounds with gas
molecules. According to the way of surface cleaning, getter
materials are mainly divided into two categories: flashed
and non-evaporable getter (NEG). Meanwhile, flashed getters form films to adsorb gas molecules through evaporating,
and the evaporated ions will affect the normal operation
of vacuum electronic device. Compared with the flashed
getter, NEG has the following advantages: firstly, it has a
larger sportion capacity, which can reduce the interaction
between residual gases in the vacuum chamber; secondly,
the lower activation temperature keeps from thermal damage
to electronic vacuum devices; thirdly, the fewer secondary
electron yield (SEY) can also avoid secondary electron multiplication; in addition, NEG also has the characteristics
of high pumping rate, powder free, small space occupancy,
controllable precision and easy preparation and so on.
NEG materials are mainly composed of metallic or nonmetallic elements such as Ti, Zr, V, Hf, Ta and C, from which
columnar or thin-film getter can be obtained according to
different preparation. By diffusion of the oxide layer into the
bulk, NEG can adsorb H2 , N2 , O2 , H2 O and carbon oxides
in the chamber except noble gases and methane [1, 2]. That
the pumping rate decreases with the increase of sportion
capacity, with a passivation layer formed on the surface,
∗
†
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ywang@ustc.edu.cn
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results in the ultimate saturation of sportion capacity [3].
Therefore, for the sake of restoring the performance, it needs
to be heated and activated to remove the passivation layer,
oxide film and adsorbed active gas molecules on the surface.
Conventional NEG materials require an activation temperature of higher than 350 ◦ C, while it is lower than 400 ◦ C
for stainless steel vacuum chamber and 200 ◦ C for the aluminum alloy vacuum chamber of the Large Hadron Collider
(LHC).The European Organization for Nuclear Research
(CERN) discovers that after 24 h “in situ” heating at 180 ◦ C,
the thin film of TiZrV can be fully activated [4, 5].
At present, various preparation of NEG films have been
developed, such as coating, screen printing and vapor deposition. This paper will describe a quantitative deposition
method to prepare TiZrV film in detail. Sintering in a vacuum is an effective way to process the specially shaped devices, which greatly reduces the experimental purpose. As
a matter of fact, sintering refers to the process of combining
powder materials into compact materials in a vacuum atmosphere because of the high temperature, accompaning with
generating strength to make it densify and recrystallize. In
additon, coating is carried out under vacuum, aiming to make
the getter materials completely dehydrogenated, as well as
to make the powder completely sintered together and facilitate full activation. In general, vacuum sintering has several
advantages: clean parts, flexible production, fewer product
defects, easy maintenance of equipment and very low dust
release [6]. In parallel, vacuum sintering affects material
properties in terms of grain size, pore size and microstructure
distribution of getters. In this case, three different sintering
conditions will be considered, thus, a comparative analysis
of three different results will be conducted.

EXPERIMENTAL CONTENT
Experimental Procedures
According to the method and purpose, the experimental
process was mainly divided into three steps: cleaning the
substrate, preparing the sample and sintering the film.
Considering that the sintering temperature exceeds
1000 ◦ C, it was larger than the melting point of the constantan alloy. Therefore, a nickel-chromium alloy with a
higher melting point was selected as the substrate material.
For the sake of increasing the roughness of the substrate to
increase the adhesion between the film and the substrate,
the nickel-chromium alloy substrates were scraped prior to
the starting of coating. Then, in order to remove the poorly
soluble grease on the surface of the substrates, which can
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THE LIMITED B-FIELD INTEGRAL OF SUPERCONDUCTING
LONGITUDINAL GRADIENT BEND MAGNET∗
Chao Chen, Lin Wang† , Haoran Zhang, Tong Zhang,
National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei, China
Abstract
The National Synchrotron Radiation Laboratory (NSRL)
is planning a fourth generation diffraction-limited light
source–Hefei Advanced Light Source (HALS), it is based
on a seven-bend achromat lattice providing an ultralow natural emittance of 34 pm rad [1]. The emittance can be even
lower with the use of longitudinal gradient bends (LGBs)
and anti-bends (ABs). The designed energy for HALS is
2.4 GeV, superconducting LGB might be employed instead
of normal bending magnet since it can improve radiated
beam critical energy to hard x-ray regions without using up
any straight sections [2]. To get a peak field about 6 T and
small B-field profile full width half maximum, SLS-2 type
LGB is considered [3]. In this paper, the limited B-field
integral (along the beam path) is trying to be find with some
restrictions.

INTRODUCTION
To simplify the simulation calculation, B-field is fully
produced by coils without iron yoke. The structure of four
coaxial superconducting coils are shown in Fig. 1. The inner
coils are racetrack-shaped and can provide the peak B-field,
the outer coils are circular and are used to guarantee the vertical B-field along the beam path would not reduce to negative
within the longitudinal magnet length. In consideration of
the immaturity of high temperature superconducting strands,
N bTi and N b3 Sn strands will be used for outer and inner
coils individually. When the vertical distance between the
two inner coils and the peak vertical B-field are determinated,
the vertical B-field integral can be adjusted by changing the
cross profile of inner and outer coils. The focus of my work
is to find its minimum value considering the current density
of superconducting strands and simple analysis is presented
below.

Figure 1: The structure of coils, beam travels along the
Z-axis.
the outer coils. We can get the By along the beam path:
By (x) =
∫
∫
µ0 Jin ri n +wi n hi n +ti n
Byin (r, h, x) dr dh+
4π ri n
hi n
∫ Rou t +Wou t ∫ Hou t +Tou t
µ0 Jout
Byout (R, H, x) dRdH
4π
R ou t
Hou t
(1)
while
Byin (r, h, x) =
∫ li n
−li n

∫

This type LGB can be described by 9 parameters: the
radius rin , the thickness tin , the height hin , the width win
and the half horizontal length the inner coils; the radius Rout ,
the width Wout , the height Hout and the thickness Tout of
∗
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∫

π

x −r


h2 + (x − r)2 + z2

π

 3/2 dz−
 3/2 dz+

r (r − xcosθ + lsinθ)
h2

0

∫

x +r

h2 + (x + r)2 + z2

li n

−li n

APPROXIMATE CALCULATION



+ r2

+ x 2 + l 2 − 2r xcosθ + 2rlsinθ

2π

(2)
 3/2 dθ−

r (r − xcosθ − lsinθ)
h2

+ r2

+ x 2 + l 2 − 2r xcosθ − 2rlsinθ

 3/2 dθ

and
Byout (R, H, x) =

∫
0

2π

R (R − xcosθ)
H 2 + R2 + x 2 − 2Rxcosθ

 3/2 dθ (3)
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DESIGN OF LONGITUDINAL GRADIENT BENDING MAGNET OF HALS
B. Zhang†, Z.L. Ren, H.L. Xu, C. Chen, X.Q. Wang, NSRL, USTC, Hefei, China
Abstract
Hefei Advanced Light Source (HALS) is a diffraction
limited light source, which was proposed and expected to
be built in the next few years by National Synchrotron Radiation Laboratory (NSRL) of China. Just like other new
light sources, longitudinal gradient bending magnet (LGB)
will be adopted to suppress the beam emittance. The magnet consists of 7 modules with different magnetic field.
Each module has yoke and poles with the same size but
different amount of permanent magnet to generate field
gradient. FeNi alloy is used to shunt magnetic flux and thus
improve the temperature stability. Corrector coil or movable wedge can be used to adjust the field. Impact of magnetization direction error of permanent magnet block and
parallelism error of poles on multipoles is also evaluated.

INTRODUCTION
Hefei Light Source (HLS) is a dedicated second generation light source, which was constructed by NSRL in the
1980s. To improve the performance of HLS, the upgrading
project of HLS was implemented in 2010~2014 and the
new light source was called HLS-II [1]. The storage ring of
HLS-II was completely new and DBA lattice was adopted
instead of TBA. However, with the development of the
fourth generation light source, HLS-II is still can’t meet the
requirements from synchrotron radiation users. Therefore,
to enhance the competitiveness of NSRL and better serve
the synchrotron user community, Hefei Advanced Light
Source (HALS) was brought forward a few years ago. At
present, pre-study project of HALS is in progress to overwhelm the critical technique problems [2].
The HALS project aims to reduce the beam emittance
close to the limit of diffraction and to improve the brilliance and coherence of the X-ray beams. Various designs
philosophy and technologies are being studied and will be
applied in HALS, such as lattice design, ultra-high vacuum
and demanding magnets. Different types of magnets, including longitudinal gradient bending magnet (LGB), combined function dipole-quadrupole, high gradient quadrupoles and sextupoles, are used to decrease the beam emittance. Among them, LGB magnets were not commonly
used in the past. Detailed design and some engineering
consideration are presented in this contribution.

Figure 1: The fields of LGB versus longitudinal position.
Table 1: Main Parameters of LGB

Field integral
Magnetic length
Pole gap
GFR
ΔB/B

0.275 T·m
0.6 m
26 mm
5 mm
5×10-4

MAGNET DESIGN
Permanent magnets have drawn more attention in particle accelerator area in recent years, because no electricity
and cooling water are needed and so the operation cost can
be reduced dramatically [3]. Therefore, permanent magnet
(PM) design was adopted for the LGB.

Field Calculation
Each module of the LGB has pole and yoke with the
same size, as shown in Fig. 2, but is magnetized by different amount of permanent magnet, so gradient magnetic
field shown in Fig. 1 can be obtained. The remanence of
permanent materials decrease with the increasing temperature. The temperature coefficients of commonly used
Sm2Co17 and NdFeB are -3.5×10-4 and -1×10-3 respectively. Furthermore, Sm2Co17 has higher resistance to radiation damage, so it is selected as the permanent material.
The material of poles and yokes are all soft iron. For the
ease of installing of vacuum chamber, the gap of the upper
and lower pole is not less than 26 mm. Shape of poles and
PM magnets are all regular cubes with chamfer on their
edges.

MAGNET PARAMETERS
The LGB magnet can be divided into 7 modules along
the beam direction, with fields ranging from 0.29 to 0.689
T, as shown in Fig.1. Main parameters of LGB are listed in
Table 1.

____________________________________________
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Figure 2: One module of LGB.
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BEAM LOSS SUPPRESSION BY BEAM MATCHING IN KLYSTRONS
S. J. Park†, Y. J. Park, Pohang Accelerator Laboratory, Pohang, Korea
J. H. Hwang, Pohang University of Science and Technology, Pohang, Korea
D. H. Yu, D. H. Kim, S. S. Cha, VITZRONEXTECH, Ansan-si, Korea

Abstract
High power klystrons usually employ large cathodes to
generate high currents which are compressed inside the
gun to provide optimum beam sizes at the cavity section.
We compress the beam by using electrostatic and magnetostatic focusing fields which are established by gun electrodes and external magnets respectively. The geometry of
the gun electrodes and the external magnet is carefully designed to meet the matching condition which results in
scalloping-free beam. We have established a systematic design procedures to achieve the beam matching condition at
arbitrary beam sizes. In this article we report on the beammatching design and simulation results with an example
case of the 80-MW S-band klystron in the Pohang Accelerator Laboratory.

INTRODUCTION

If the beam in a high-power klystron (which requires
beam current of several hundreds of amperes) is nonmatched the beam envelope oscillates transversely as it
propagates downstream. Electrons near the crests of the oscillation can, combined with the space-charge forces enhanced by the strong longitudinal bunching, be radially
pushed to hit cavity gaps or drift-tube wall at the output
cavity region. Furthermore strongly decelerated electrons
at the output cavity gap are reflected back to the cathode
which is most pronounced at the core of the beam waist
where the potential depression is at maximum.
The problem is alleviated by making the beam envelope
flat which is obtained by a carefully matching the beam
from the gun to the downstream magnetic focusing system
in a klystron. With insights gained from simple analysis
based on the envelope equation [1] we have developed a
systematic design procedure for the beam matching procedure [2]. The procedure is being used for designing
matched beam for the 80-MW S-band klystrons in the Pohang Accelerator Laboratory (PAL). We utilize many commercial computer codes for the klystron design. Among
them the CST TRK and PIC solvers are flexible and have
proved useful in designing the PAL klystrons (with microperveance as high as 2) after cross-checking with the EGUN
and the FCI codes.

COMPUTER SIMULATIONS

Figure 2 shows the setup for computer simulations with
the TRK and PIC solvers. With the TRK we can simulate
space-charge dominant beams from the gun to the collector
(G2C) region. And the beam dynamics including the beam___________________________________________
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to-cavity interaction is simulated by using the PIC solver
but unfortunately it can’t afford the G2C simulations and
an initial particle distribution (PD) has to be prepared a priori and imported into it. We utilize the TRK to generate the
PD and import it to the leftmost boundary of the PIC simulation setup as shown in Fig. 1.

Figure 1: Setups for TRK(up) and PIC(bottom) simulations. Unlike the TRK the PIC does not include the gun into
the simulation setup which results in significant errors in
beam optics.
Figure 2 shows matched beams at various sizes together
with the non-matched one for a comparison. G2C simulation with the EGUN yields similar result.

Figure 2: Non-matched and matched beam envelopes
simulated by the CST-TRK.
We sample particle information at zTRK = 150 mm in the
TRK and transfer it to the beam-injection plane (zPIC = 0
mm) of the PIC simulation setup. Beam profiles simulated
by the PIC are shown in Fig. 3. Envelope oscillation in the
non-matched beam (top figure) is suppressed in the
matched one (middle figure). Bottom figure is slightly mismatched case at larger beam size.
One of the difficulties with the CST PIC is that, since it
can’t afford the G2C simulation, the beam should be injected to the leftmost boundary and some errors in the beam
optics are inevitable. Moreover additional potential
depression follows just after the beam is injected of which
MC7: Accelerator Technology
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DESIGN OF A FAST CYCLED LOW LOSS 6T MODEL DIPOLE
COOLING AT 1.9K
A. D. Kovalenko, V. Gromov, A. Kolomiets, S. Kozub, E. Perepelkin, G. Shirkov, L. Tkachenko,
JINR, Dubna, Russia
B. Bordini, D. Tommasini, CERN, Geneva, Switzerland
Table 1: Main Specification for Model Dipole

Abstract
The option being considered for the FCC-hh high
energy injector is a superconducting synchrotron
replacing the CERN SPS. The new machine would
operate in a cycled mode also to feed experimental areas,
much like the SPS nowadays. Due to this specific cycled
operation, innovative design and development approaches
is required to cope with the AC losses in the
superconducting cables and iron yoke. The research joins
experience accumulated at CERN and JINR in the design
and operation of large systems operated at 1.9 K and in
fast ramped and cycled magnets respectively.
Minimization of the cycling power losses is particularly
important. Total thermal losses should be limited to
tentatively < 2 W/m at 4.2 K equivalent. The magnet
design, and the results of preliminary tests on a candidate
NbTi-wire for building a model magnet are presented and
discussed.

INTRODUCTION
The Joint Institute for Nuclear Research (JINR) jointed
to the Future Circular Collider (FCC) design study group
leading by CERN [1] in fall 2014. After discussion on the
scope of the Collaboration the Parties came to common
point of view that the exploratory phase will take the
design and construction of original 6 T cycled dipole
operated at 1.9 K. Special attention should be paid to
minimization of the total power losses in the coil, yoke
and in the magnet overall. Thus, a long-term CERN and
JINR experience in the design and construction of the
world largest magnetic system, LHC, operating at 1.9 K
[2] and the world first fast-cycled superferric ion
synchrotron, Nuclotron, [3] respectively, should be
resulted in novel object – low loss 6 T synchrotron. The
first step is a model dipole magnet with the parameters
shown in Table 1.
The magnetic field of 6 T level looks not very
problematic in comparison with 8.36 T (LHC) or
especially with 16 T dipole field planned for the FCC.
Moreover design efforts have been contributed to the 6T
dipole for the SIS300 synchrotron of the FAIR complex at
GSI [4,5], nevertheless some important advantages can be
reached in the considered case.
The magnetic field homogeneity should correspond to
usual synchrotron tolerances i.e. the order of 5∙10e-4
within the beam area limited to 70% of the aperture and
the field range between 0.12 and 6.0 T.

Parameter
Central field
Aperture
Coil temperature
Field ramp
Coil conductor
Thermal losses

Unit
T
mm
K
T/s
W

Value
6.0
80
1. 9
0.2 – 0.5
Nb/Ti/Cu
< 2 W/m at 4.2 K.

GENERAL CONCEPT
Basic advantage of a magnet operating at 1.9 K is the
possibility to increase current density in the conductor.
The data obtained from the tests of the first LHC model
dipole have been demonstrated the Ic increase by a factor
of 2 [6]. Well-tested one-layer coil RHIC dipole [7]
generates 3.4 T field within 80 mm aperture at 4.2 K and
5000A supply current. Thus, it was reasonable to
estimate feasibility the constructing of 6 T one-layer coil
cooling at 1.9 K for the dipole [8,9]. Conceptual crosssection of the dipole is shown in Fig. 1. The cold mass at
1.9 K includes the coil, stainless steel collar and some
part of laminated yoke.

Figure 1: Conceptual cross-section of the magnet.
The 1.9K cold mass including current transport lines is
placed inside a welded stainless steel vessel, electrically
insulated from it and having low heat transfer support
posts. The main part of iron yoke is kept at 50K and
separated from the 1.9K cold mass with a small gap.
Support and alignment is also provided by means of a
low heat transfer mechanical system. The proposal of
cosine theta type magnet with separated cold mass (4.24.5)K/(50-80)K was considered in [10,11] and was tested
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A NOVEL APPROACH TO TRIGGERING AND BEAM SYNCHRONOUS
DATA ACQUISITION
G. Theidel, P. Bucher, Paul Scherrer Institute, Villigen PSI, Switzerland
R. Modic, T. Šuštar1, Cosylab, Ljubljana, Slovenia
1
also at Cosylab Switzerland, 5232 Villigen PSI, Switzerland

Abstract
SwissFEL, the new Free-Electron Laser facility is a 740
m long accelerator with the goal of providing pulses of
light between 6 and 30 fs long at a wavelength of 1 to 7 Å
at 100 Hz. To support shot-to-shot photon diagnostic and
link the measurements to other measurements along the
machine that belong to the same machine pulse, a new
triggering and data acquisition system was developed. A
new protocol was introduced which allows deterministic
triggering, configuration and data transfer via one fullduplex optical connection. The measurement data is
stamped with an unique pulse identifier, delivered from
the SwissFEL Timing System. A readout and control
interface was developed to support data delivery to the
Data Acquisition Dispatching Layer and for controlling
the system.

Layer (BS DAQ System) [2, 3]. DELFI Link enables
triggering, transmission of the measurement data and
transmission of the control and status parameters
simultaneously.

INTRODUCTION

A solution was needed for triggering sensor readout
electronics and transferring the measurement data. At the
same time slow control and status data had to be
transferred over the same full-duplex optical connection.
A unique pulse ID had to be send to the readout
electronics with each trigger pulse to enable deterministic
tagging of the data for the purpose of later analysis. A
new protocol had to be specified, since none of the
available protocols fulfilled all requirements. The first
implementation was successfully used as a bidirectional
link between two nodes and showed to also be useful in
other systems.

SYSTEM OVERVIEW

Deterministic Event Latency Fiber Interface (DELFI)
link is used in SwissFEL between Frontend Electronics
crate and controls crate (Fig. 1). The first one is placed in
proximity of the sensors and the latter one is mounted in a
19” rack on a distant location. The Frontend Electronics
crate consist of a Communication Board (Comm. Board)
which interfaces an analog to digital converter (ADC) and
Analog Frontend, ie. electronics, responsible for
conditioning the analog signals before they enter ADC.
Controls Hardware is based on a VME form factor single
board computer IFC1210 which features Virtex-6 FPGA
and a P2020 processor [1]. A 4 port SFP FMC module is
connected to IFC1210 and enables optical connections to
the SwissFEL Event Timing System, and to DELFI
devices.
Configuration
parameters,
status
and
measurement data are exposed over EPICS Channel
Access (CA) protocol, measurement data is also streamed
to the (Beam Synchronous) Data Acquisition Dispatching
THPTS054
4224

Figure 1: System overview.

DELFI PROTOCOL
The DELFI protocol is a lightweight system level
protocol that allows deterministic event transmission as
well as high-speed and low latency data transportation.
The DELFI Core-Layer makes no assumptions about the
data itself. An additional Data-Definition-Layer allows a
combination of memory-mapped and streaming
interfaces. The optional Routing Layer permits routing of
data packages in various system topologies. DELFI is
very scalable and many parameters like maximum event
data size or link data rate may be adjusted on a per system
or even subsystem base.
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DESIGN AND CONSTRUCTION OF 3D HELMHOLTZ COIL SYSTEM TO
CALIBRATE 3D HALL PROBES
A. Fontanet, J. Marcos†, Ll. Ribó, V. Massana, J. Campmany, ALBA-CELLS, Barcelona, Catalonia,
Spain

Abstract
In this paper we present the design of a system of 3D
Helmholtz coils aimed to generate a magnetic field in any
direction in a controlled way. The system is intended to be
applied to the detailed characterisation of the response of
3D Hall probes as a function of the orientation of the measured field. The system will generate magnetic fields of up
to 5 mT with an expected angular precision of 0.2 mrad.

MOTIVATION

Accurate measurements of complex magnetic fields in
small gap structures, as those generated by elliptical undulators, is becoming crucial to guarantee the right operation
of accelerator based light sources. Therefore magnetic
measurement systems must be able to determine all three
components of the magnetic field with a high degree of
precision.
The solution of choice for the mapping of magnetic
fields in synchrotron light sources and FELs are measurement benches based on Hall effect sensors. In many laboratories 3D probes are manufactured by combining three orthogonally mounted 1D Hall sensors on a common board.
However, the accurate soldering of the sensors is problematic, leading to some unavoidable deviations from orthogonality. These angular misalignments have to be determined in order to enable a precise reconstruction of the
magnetic field.
At ALBA magnetic measurements laboratory Hall
probes are manufactured in-house using commercial uniaxial Hall sensors [1]. The Hall sensors are soldered on the
circuit board with a typical accuracy of ±3º. The resulting
misalignment angles between the Hall sensors are estimated by placing the probe inside a calibration dipole at a
series of predefined orientations with the help of mechanized pieces. However, this method does not allow determining the mutual misalignments between the sensors with
an accuracy better than 0.5º~10 mrad.
The limited space in the air gap of our calibration magnet
(with a gap dimension of 15 mm) makes it unfeasible to
implement an accurate mechanical system providing a full
control of the orientation of the Hall probe inside the magnetic field generated by the dipole. Due to this reason we
have decided to design a new system allowing us to generate a magnetic field with an arbitrary and well controlled
orientation. Such a system will be based on three orthogonal pairs of Helmholtz coils.

___________________________________________

† email address

THPTS055
4228

jmarcos@cells.es

SYSTEM REQUIREMENTS
A Helmholtz pair is constituted by two identical circular
coils separated along its common axis by a distance equal
to their radius R, as shown in Fig. 1. Such a system generates a highly uniform magnetic field in its central region.
In addition, given that the setup does not incorporate any
ferromagnetic material, the system is perfectly linear and
allows superimposing the fields generated by different sets
of coils.

Figure 1: Cross section of a Helmholtz pair generating a
magnetic field along the x axis.
In the ideal case of having two identical coils made of
vanishing-section conductor, the field at the centre of the
system is directed along the axis of the coils and has an
intensity given by:
𝐵=

(1)

Where N is the number of turns per coil, and I is the circulating current. Field expressions for a more realistic situation —finite size conductors, small size differences between the two coils, etc— can be found elsewhere [2].
The aim of our system is to generate a magnetic field
homogeneous within 10-4 in a volume containing all three
sensors of our Hall probes. Given that the three sensors are
mounted on the circuit board along a common line with a
separation of 5.45mm between them, we have decided to
impose our homogeneity requirement over a volume of
MC7: Accelerator Technology
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NEW UNDULATOR AND FRONT END FOR
XAIRA BEAMLINE AT ALBA
J. Campmany†, J. Marcos, V. Massana, ALBA-CELLS, Barcelona, Catalonia, Spain
Abstract
A new microfocus beamline for macromolecular
crystallography, XAIRA, is being built at ALBA
synchrotron light source. The light source for this new
beamline is an in-vacuum undulator that can reach the
spectral range from 4 keV up to 20 keV. The in-vacuum
undulator was tendered in 2018 and awarded to Kyma-RI
consortium, and will be delivered to ALBA in November
2019. The Front End has been designed accordingly. It
was tendered in 2018 and awarded to FMB. It will be
delivered in October 2019. In this paper we present the ID
and FE designs.

SCIENTIFIC CASE
ALBA synchrotron light facility currently hosts eight
operating beamlines, including one dedicated to
Macromolecular Crystallography (MX), BL13-XALOC.
Current expansion plans include a specific microfocus
MX beamline, XAIRA [1].
XAIRA aims at providing a full beam with a size of
3×1 m2 FWHM (h×v) and a flux of >3×1012 ph/s (250
mA in Storage Ring) at 1 Å wavelength (12.4 keV) to
tackle MX projects for which only tiny (<10 μm) or
imperfect crystals are obtained. Besides, XAIRA aims at
providing photons at low energies down to 4 keV to
support MX experiments exploiting the anomalous signal
of the metals naturally occurring in proteins (native
phasing), which is enhanced in the case of small crystals
and long wavelengths.

This is a preprint — the final version is published with IOP

UNDULATOR REQUIREMENTS
In order to fulfill the scientific requirements, a hybrid,
in-vacuum and long undulator has been designed, with
parameters detailed in Table 1.
Table 1: Main Parameters of XAIRA Undulator
Undulator type
In-vacuum
Magnetic configuration
Planar hybrid
Magnetic material
NdFeB
Pole material
Permendur
Period length
19.9±0.02 mm
Number of periods
115
Maximum magnetic length
2.3 m
Magnetic minimum gap
5.2 mm
Minimum physical gap
4.8 mm
Gap range (magnetic)
5.2 mm to 30 mm
Min. effective K at min. gap
2.1085
† campmany@cells.es
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ID DESIGN
Block and Pole Designs
Blocks are box-type with chamfers in edges allowing
clamp fixations and longitudinal chamfers to prevent
demagnetization. Mechanical tolerances have been
assumed to give changes in the peak field smaller than
0.1%. Selected magnetic material is NdFeB with
remanence Br = 1.34 T and coercivity μ0HCJ ≥ 1.5 T.
Poles will be made of high permeability Vanadium
Permendur. The optimization of central pole in this case
leads to the block and pole dimensions specified in Tables
2 and 3. Shapes are shown in Fig. 1. The undulator central
part is shown in Fig. 2
Table 2: Magnetic Block Characteristics
Width 60.0 ± 0.05 mm
Height 40.0 ± 0.05 mm
Length 7.164 ± 0.02 mm
Transverse chamfer angle 45.00º
Transverse chamfer side 4.0 ± 0.02 mm
Longitudinal chamfer angle 45.00º
Longitudinal chamfer side 1.00 ± 0.02 mm
Remanent field 1.34 T
Permeability on axis 1.06
Transversal axis permeability 1.17
Table 3: Iron Pole Characteristics
Width 40.0 ± 0.05 mm
Height 40.0 ± 0.05 mm
Length 2.786 ± 0.02 mm
Transverse chamfer angle 45.00º
Transverse chamfer side 4.0 ± 0.02 mm
Longitudinal chamfer angle 45.00º
Ear width 4.0 ± 0.1 mm
Ear height 3.0 ± 0.1 mm

Figure 1: Shapes of blocks (red) and poles (green) in the
hybrid design.
THPTS056
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NEW SMALL DIAMETER ROTATING COIL SHAFT FOR
CHARACTERIZING NEW GENERATION OF MULTIPOLAR MAGNETS
J. Campmany†, J. Marcos, V. Massana, Ll. Ribó, R. Petrocelli,
ALBA-CELLS, Barcelona, Catalonia, Spain

Abstract
The proliferation of ultimate-light source facilities
around the world has yielded the need of accurate
characterization of small gap magnets. This also applies
to multipolar magnets. Clearance diameters down to 10
mm for quadrupoles and sextupoles become to be used
and need to be accurately measured. At these small gaps,
the high order multipoles influence on electron beam
dynamics is high, and it should be well characterized in
order to guarantee a feasible operation of the accelerator.
To face this challenge, ALBA magnetic measurement
laboratory has developed a new rotating coil shaft with a
diameter of 10 mm able to be introduced inside narrowgap multipolar magnets. In this paper we present the
design as well as the manufacturing of such a device.

INTRODUCTION

Rotating coils have been widely used to characterize
the purity of multipolar fields [1]. The rotation of the coil
inside such fields induces an electromotive force directly
related to the magnetic field, depending only on the coil
geometry and the rotation speed. The usual scheme of
coils, shown in Fig. 1, allows the cancelation of main
component and enhands the visibility and measurability
of high order harmonics. ALBA has used this type of coils
to measure a number of magnets, as published elsewhere
[2]. and has a set of rotating coils allowing the
measurement of apertures larger than 25 mm. So far this
was enough for our needs. However, the evolution of
Storage Rings towards ultimate light sources is imposing
new requirements. Apertures are becoming smaller and
the harmonic content of magnetic fields become more
relevant at small gaps. Therefore, high accuracy
measurements of small apertures magnetic multipolar
fields become a need.
The combination of high accuracy in the measurement
and small diameter is challenging. Difficulties for
designing, manufacturing and testing this kind of coil are
multiple: first, the small diameter forces the use of small
coils, yielding to small signal. Therefore, an improvement
in signal measurement should be done. Second, the coil
should rotate at constant velocity and without exentricity;
therefore the coil should be assembled in a very rigid
shaft. And last but not least, being the coil and shaft light,
it can be affected by vibrations; therefore, the driving
force should not introduce vibrations that can perturb the
measurement.

† campmany@cells.es
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ENGINEERIGN DESIGN AND
MANUFACTURING
Coils
The rotating coil bench at ALBA can determine the
integrated field harmonics of accelerator magnets with
lengths up to 0.5 m. Driving system is a step motor driven
by IcePAP controller [3]. Data acquisition is made by a
Keysight 34470A digital multimeter [4].
The coils for the shaft have been produced using the
multilayered-PCB technology that has been previously
employed at ALBA. For the two shaft we have used the
usual compensation scheme in order to obtain the desired
dipole-quadrupole bucking, with 4+1 identical radial coils
centered at different radial positions, as described in [5].
Multi-PCB (10 layers in this case) allows manufacturing
coils with 30 turns in total, providing signal enough to
measure with high accuracy. The configuration scheme of
the shaft is shown in Fig. 1, and the corresponding
geometrical parameters are listed in Table 1. PCB is
shown in Fig. 2. A similar shaft has been manufactured
with a diameter of 20 mm.

Figure 1: Configuration diagram of the shafts
manufactured with  10 mm and  23 mm diameters.
Table 1: Parameters Of The Two Manufactured Shafts
Shaft
diameter

10 mm
23 mm

Circuits
position

R = 1.9 mm
A = 0.9 mm
R = 4.6mm
A = 2.3mm

Turns per Layers
layer

Length

N= 3

10

550 mm

N=9

20

550 mm
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NEW 50 KW SSPA TRANSMITTER FOR THE ALBA BOOSTER
P. Solans, B. Bravo, J.R. Ocampo, F. Perez, A. Salom, CELLS – ALBA synchrotron, Cerdanyola del
Vallès, Spain
F. Sierra, J. Lluch, C. Rosa, D. Iriarte, E. Ugarte, I. Fernández, A. Mellado, J.V. Balboa, BTESA
Broad Telecom, Madrid, Spain
Abstract
ALBA is a 3rd generation synchrotron light source located in Cerdanyola del Vallès, Barcelona, in operation
since 2012. The RF system consists of six normal conducting cavities in the storage ring, fed with IOT based
transmitters that are able to provide up to 3.6 MV to the
beam. The booster accelerator counts with one single 5cell cavity. This cavity was used to be fed with an IOT
based transmitter also until August 2018, when a solid
state power amplifier (SSPA) was installed replacing the
old transmitter. This paper covers the design, test and
operation of the new SSPA based RF transmitter for the
ALBA booster*.

INTRODUCTION
Telecommunications industry is pushing the solid state
technology towards higher performance and behaviour:
New transistors, with higher drain voltages and new semiconductor materials, are able to provide more power at
higher efficiencies [1]. This means, that a lower number
of active devices are needed to get the same amount of
power, which decreases the price of these kind of high
power amplifiers.
This technology is attractive for synchrotrons and particle accelerators, due to the advantage they present in front
of the inductive output tubes (IOT’s) or other vacuum
tubes amplifiers, such as klystrons [2]. Neither high voltage nor vacuum are needed and they present a better redundancy due to the large number of devices used in the
designs, which eliminates a single point of failure in the
amplification stage.
Modularity allows the compensation of the power drop
after a module’s failure, avoiding the stop of the operation, and therefore, increasing the Mean Time Between
Failure. The Mean Time To Recovery also decreases due
to the fast replacement and off line reparation of a faulty
module.
Due to all these advantages, a Call for Tender was published in order to replace the booster tube based transmitter by a new SSPA. The Call for Tender included design,
construction, transportation, and installation in the facility, as well as the personal training.
*

This project is co-funded by the European Regional Development Fund of the European Union.
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DESIGN
The new SSPA RF transmitter for the ALBA booster is
based in a 50 V NXP MOSFET transistor. Up to 96 of
these devices are distributed in 12 modules of 8 transistors each one providing a total power of 48 kW (P2dB)
at 500 MHz and more than 78 dB of power gain.
Drive is split trough three 90º hybrid connected in cascade that provide three branches of amplification. Every
branch is then split into four channels using several Wilkinson dividers. Finally, drive goes into the amplification
module. No amplification has been performed until this
stage.
Two pre-amplification stages can be found before the
final splitting towards the transistors inside the modules.
They form balanced class-AB amplifier pairs. The power
of these pairs inside the module is added using a 4-port
Gysel combiner that provides adaptation and isolation to
the transistors [3]. The total power of a single module is
up to 5 kW, and again, four of these modules are added
using a larger 4-port Gysel combiner. Topology of the
combiner is shown in Fig. 1.

Figure 1: Gysel Combiner topology.
Table 1 shows the performance of such a combiner. Note
the good adaptation and the high isolation between input
ports.
Table 1: Combiner Main Characteristics
Port
1
2
3
4
5

Return loss
[dB]
-34.2
-25.7
-33.8
-30.2
-41.3

Isolation [dB]
-40.0 (to P2)
-36.4 (to P3)
-36.7 (to P4)
---

Transmission
[dB]
-6.04
-5.95
-6.16
-6.13
-THPTS058
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DEVELOPMENT OF A 1.5 GHZ, 1 KW SOLID STATE POWER AMPLIFIER
FOR 3RD HARMONIC SYSTEM OF THE ALBA STORAGE RING
Z. Hazami, Polytechnic University of Catalonia (UPC), Barcelona, Spain
F. Perez, A. Salom, P. Solans, CELLS – ALBA synchrotron, Cerdanyola del Vallès, Spain

Abstract
ALBA is a third generation synchrotron light source located near Barcelona, in operation since 2012. In order to
improve the operation, a third harmonic system has been
designed for the storage ring to stretch the bunch length
and so, improve the beam lifetime and increase the stability current thresholds. The design of the system consists
of four High Order Mode (HOM) damped normal conductive active cavities operating at 1.5 GHz [1], supplied
with 20 kW of RF power each cavity, which provide a
total voltage of 1 MV to the electron beam. The 20 kW
RF power transmitter system is based on 250 W solid
state power amplifier modules added in parallel. Four of
these modules are first combined to form a 1 kW amplifier. This paper presents the designs of the 250 W power
amplifier modules, the splitter and the combiner, as well
as the measurement results of a 1 kW prototype crate.

INTRODUCTION

In synchrotron light source facilities short lifetime is
always one of the main concerns. Among others, it is
dominated by intra-beam scattering (Touschek effect). To
minimize this effect, one possibility is to stretch the electron bunches using a secondary RF system. Hence, a 3rd
harmonic system for the ALBA Storage Ring has been
designed to not only increase the beam lifetime but also
damp the coherent instabilities through an effect known as
Landau damping [1].
This proposed secondary RF system is composed of
four HOM damped normal conductive active cavities at
1.5 GHz [2, 3]. Each cavity will be powered by a 20 kW
RF power transmitter and therefore presenting a total
voltage of 1 MV for the beam.
Solid state technology used for amplifier design has
many advantages over the classical vacuum tubes amplifiers, such as the elimination of vacuum and high voltage.
Also the large number of active devices provides an intrinsic full redundancy of the system. Transistors with
higher drain voltages and new semiconductor materials
lead to higher efficiencies [4, 5]. Hence, the ALBA storage ring 3rd harmonic system is going to exploit this technology for its power source. The building block of this
power transmitter is a 250 W SSPA module. To achieve
the 20 kW total power per cavity, the power will be split
in twenty crates of 1 kW power amplifier, made up of a 4way splitter/combiner and 250 W SSPAs, which have
been developed in house.

THPTS059
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A 250 W SOLID STATE POWER AMPLIFIER MODULE
The starting point for any solid state power source is a
primary SSPA module which indicates the total number of
modules to attain the overall power level in such a modular system. The more power the primary SSPA module
provides, the less modules would be required.
A 250 W SSPA at 1.5 GHz (L band), CW mode with
compact size (power to size ratio), using GaN HEMT
device CGHV14250 from CREE (Wolfspeed), has been
designed, manufactured and tested. This single ended
class-AB power amplifier has an average efficiency of
70 %, a power gain greater than 16 dB an input return loss
lower than -10 dB.
The 250 W power amplifier has been fabricated on a
RO4003C laminate from Rogers with a substrate of
0.5 mm thickness and 90 x 70 mm surface area. To design
the impedance matching networks, micro-strip stubs were
implemented instead of capacitors. This offers advantages
such as the thermal issue alleviation of the Output Matching Network (OMN) in CW mode due to high voltage and
current.
A top view picture of the manufactured module is
shown in the Fig. 1.

Figure 1: A 1.5 GHz power amplifier module.
For this power amplifier the transistor has been biased
at drain voltage of 50 V and 500 mA of quiescent current.
Both input and output matching networks were fine tuned
for the maximum output power and efficiency. Since the
optimum frequency was lower than expected, the sizes of
the micro-strip stubs were reduced in order to tune the
board once it was built.
To let the thermal power produced in transistor flow to
the water cooled heat sink made of the copper, a thin layer
of heat transfer compound paste was applied on the transistor flange. For better mechanical contact, the transistor
was pressed down by a Teflon support and bolted down to
copper base plate with two screws to an appropriate
MC7: Accelerator Technology
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SIRIUS DIGITAL LLRF
A. Salom, F. Perez, CELLS – ALBA, Cerdanyola del Vallès, Spain
R. H. A. Farias, F. K. G. Hoshino, A. P. B. Lima, Brazilian Synchrotron Laboratoy (LNLS),
Campinas, Brazil

INTRODUCTION

The Sirius Light Source Facility is under construction at
LNLS, in Campinas, Brazil. It is based on 5BA Lattice capable to achieve ultralow emittance values (0.28mm.rad).
The Sirius injector consists of a 150 MeV linear accelerator
and a full energy synchrotron Booster installed in the same
tunnel and concentric with the storage ring. The installation
and commissioning of Linac was finished in 2018 and this
year, the Booster and SR will be commissioned [1].
The final RF System of the SR will be composed of two
superconducting cavities powered by two 240 kW Solid
State Power Amplifiers (SSPA) and working at 500MHz,
but for the commissioning and initial operation a 7-cell
PETRA cavity will be used. On the other hand, the Booster
RF system will have a 5-cell PETRA Cavity powered by a
SSPA.
A Digital Low Level RF (DLLRF) capable to control
these three types of cavities has been designed and fabricated based on the ALBA System.
The ALBA DLLRF is based on commercial FPGAs. In
the first adaptations of this system for Max-IV and Diamond [2, 3], a uTCA board from Nutaq (Perseus 601X)
with Virtex-6 FPGA motherboard with ADCs and DACs
FMC boards were used [3]. uTCA is an open standard modular hardware complementary to AdvancedTCA, targeted
for low start-up cost. However, for the Sirius LLRF a
stand-alone board was employed, the Picodigitizer from
THPTS060
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SIRIUS DLLRF HARDWARE
The main HW components of Sirius DLLRF are:
 Picodigitizer: FPGA mother board + FMC boards for
ADCs and DACs + mezzanine Mestor with digital
GPIO bus.
 Front Ends for RF Drives up and down conversion.
 Local Timing for LO generation and FPGA clock synchronization with MO reference.
 Patch Panels: connector and levels adapters between
DLLRF and RF plants sub-systems.
Figure 1 shows the main hardware components of DLLRF
and the interaction between the different RF and digital signals of the sub-systems: Front Ends, Digital Patch Panel
and Picodigitizer.
Picodigitizer

Front End

Data exchange from/to DS and
for post-mortem analysis

RF In1
RF In2
RF In3
RF In4
RF In5
RF In6
RF In7
RF In8

Perseus 601X
Linux PC
4GB - RAM

Virtex-6

Python Device
Server
VHDCI

RF In9
RF In10
RF In11
RF In12
RF In13
RF In14
RF In15

RF Drive 1
RF Drive 2
RF Drive 3
RF Drive 4

Ext REF

FMC Board 1
MI125 – 16ADCs

FMC Board 2
MO1000 – 8DACs

Up-Conv
& Pin
Diode
Sw

PLL

Ext TRG

PLL & CLK
Distributor

VHDCI
Cable
MESTOR

80MHz
LVTTL

Digital Patch Panel

BOX

Spartan FPGA
32
GPIO

TRG Bo Ramp

Ethernet
Communications
with General
Control System

4 Slow
ADCs

Digital Patch Panel PCB
32 GPIO

Sirius is a Synchrotron Light Source Facility based on a
4th generation low emittance storage ring. The facility is
presently under construction in Campinas, Brazil, and
comprises a 3 GeV electron storage ring (SR), a full energy
booster synchrotron and a 150 MeV Linac. The Booster RF
system is based on a single 5-cell cavity driven by a 45 kW
amplifier at 500MHz and is designed to operate at 2 Hz
rate. The storage ring RF system will start with 1 normal
conducting 7-cell cavity. In the final configuration, the system will comprise 2 superconducting cavities, each one
driven by a 240 kW RF amplifier. A digital LLRF system
based on the ALBA LLRF has been designed and commissioned to control 3 different types of cavities: 2 normal
conducting single cell cavities, one multi-cell cavity driven
by 2 amplifiers and one superconducting cavity driven by
4 amplifiers. The first LLRF System will be installed and
commissioned in the Sirius Booster in 2019. The performance of the control loops in the high power RF lab, together with other utilities of the system like automatic startup, conditioning, fast interlocks and post-mortem analysis
will be presented in this paper, as well as possible upgrades
for the future.

Nutaq. This new board has the same processing capabilities
than the Perseus, but lacks the uTCA backplane that allows
fast communication between boards connected to the same
chassis, that so far, had not been used in previous ALBA
LLRF versions. With this new stand-alone system, there is
no need for AMC chassis nor host PC, reducing the HW
cost of the system by 50% while maintaining the same
functionalities and processing capabilities. The communications with the FPGA motherboard are done via GigaEthernet and accessing an embedded Linux processor of
the FPGA.

IF signals
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Figure 1: Main hardware components of Sirius DLLRF.
Figure 2 and Fig. 3 show pictures of the main HW components of the Sirius DLLRF prototype used in the High
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ALTERNATIVE PROPOSAL FOR FCC-hh EXTRACTION SEPTA
A. Sanz Ull∗1 , M. Atanasov, B. Balhan, J. Borburgh, CERN, Geneva, Switzerland
1 also at Eindhoven University of Technology, Eindhoven, Netherlands
THE TRUNCATED COSINE θ SEPTUM

Abstract
Challenging requirements are set for the FCC extraction
septa magnets, notably for the magnetic field level, the septum thickness and the leak field. An alternative to the baseline FCC extraction layout is proposed, consisting of a Superconducting Shield (SuShi) stage and a Truncated Cosine θ (TCT) septa stage with the aim of reducing the required number of septa and installed length. The principal
parameters of the septa are described and the feasibility
discussed. Areas for further improvement are identified.

BRIEF DESCRIPTION OF THE SUSHI
SEPTUM

In a Superconducting Shield septum (SuShi), a superconductor is placed around the orbiting beam gap to exclude
the magnetic field from that region. The field is excluded
by persistent eddy currents generated on the surface of the
superconductor when the external magnetic field is changed.
The working principle of the shield is shown in Fig. 1. The
magnetic field is generated by a Canted Cosine θ (CCT)
magnet with an aperture big enough to fit the SuShi and
both vacuum chambers. Two materials are being currently
considered, Bulk MgB2 and a multilayer Cu/Nb/NbTi composite [1, 2]. The characteristics of both SuShi prototypes
are summarized in Table 1.

Parameter

Cu/Nb/NbTi

MgB2

B0 (T)
Bleak (mT)
SuShi thickness (mm)
Outer diameter (mm)

3.1
<0.1
3.8
47.4

2.75
<0.1
8.4
49

alejandro.sanz.ull@cern.ch

J = J0 · cos(N · θ)

(1)

With N=1, a dipole field will be generated. The image
current method, analogous to the mirror charge method in
electrostatics, is used to calculate the placement of the current distribution. The image currents can be replaced by an
iron yoke that is not saturated and conducts the return flux
of the magnet in the same way as the image currents, and
its dimensions can be calculated analytically. The image
current method is illustrated in Fig. 2.

Figure 2: Cosine θ magnet concept.

Figure 1: SuShi septum concept.

Table 1: Main Characteristics of the SuShi Prototypes
Tested at CERN

∗

The design of a Truncated Cosine θ (TCT) septum is
based on the well known Cosine θ dipole with line currents
and an iron yoke. The magnetic field is created by a current
distribution at a fixed radius that is scaled according to:

The analytical calculation is based on two assumptions.
The first one is that the permeability of the yoke is much
higher than that of vacuum and not yet saturated. The second
assumption is that a current wall that extends to the yoke
forces the field lines to avoid the field-free region. In a
conventional septum magnet, this current density needs to be
constant to avoid the magnetic field leaking into the field free
region. This is illustrated in [3]. The iron saturation for this
calculation is set at 1.6 T. Some soft magnetic steels saturate
at a higher level, but taking 1.6 T as a value therefore provides
some margin. It is important to note that this magnetic
field value is the peak field that can be allowed at a certain

THPTS062

MC7: Accelerator Technology

4248

T10 Superconducting Magnets

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPTS063

DEVELOPMENT OF A W-BAND POWER EXTRACTION STRUCTURE∗
F. Toufexis† , M. Shumail, A. McGuire, B.J. Angier, D. Gamzina, S.G. Tantawi
SLAC, Menlo Park, CA94025, USA

Abstract

We are modifying the X-Band Test Accelerator at SLAC to
operate as an Extreme Ultra Violet (EUV) light source. The
existing photo electron gun will be replaced by a thermionic
X-Band injector that utilizes RF bunch compression. The
beam is accelerated up to 130 MeV using an X-Band traveling wave structure followed by a novel high shunt impedance
standing wave structure. The beam then goes through a mmwave undulator with a period of 1.75 mm, producing EUV
radiation around 13.5 nm. The undulator is powered by a
W-Band decelerator structure, which extracts the RF power
from the electron beam. In this work we present the design
and fabrication of the 91.392 GHz decelerator structure, as
well as structural characterization of its cavities using SEM
and 3D microscopy.

†

Combined Output
Power
~ 1 foot

(a) Vacuum Model.

INTRODUCTION

We have designed, built, and cold-tested an RF undulator
cavity operating at 91.392 GHz with an equivalent undulator period of 1.75 mm and 2.375 mm/4.92 mm input/output
beam apertures [1–3]. These apertures are 5 and 10 times
larger than those of a permanent magnet undulator for the
same period and 𝐾 value [4], and therefore this undulator
could be used in a Compact 1 Å Free-Electron Laser (FEL)
with a 1.4 GeV beam having several kA of peak current
operating in Enhanced Self-Amplified Spontaneous Emission (E-SASE) mode [5, 6].
The RF power required at 91.392 GHz for this undulator
for 𝐾 = 0.1 is 1.4 MW. Currently the only available source
of such power at these frequencies are gyrotrons with a large
superconducting magnet [7, 8]. To power the undulator, we
have developed a new concept for compact mm-wave sources
[9]. Another method to power the undulator is to extract RF
power from the drive electron beam [10] in a decelerator
structure, which is the focus of this paper. We are currently
designing a proof-of-concept Extreme Ultra Violet (EUV)
light source driven by a thermionic RF injector [9, 11, 12]
to demonstrate this approach, reusing most of the existing
infrastructure of the SLAC X-Band test accelerator [13].
We developed a standing-wave parallel-coupled structure [14, 15] consisting of 40 re-entrant cavities [12, 14, 16].
The beam pipe diameter of these cavities is 340 μm and the
shunt impedance is 444 MΩ m−1 . The power from 40 cavities is combined through two waveguide manifolds [14, 15].
The power from four such modules is further combined
through another manifold, as shown in Fig. 1. We have previously reported the design of the cavities and a preliminary
∗

version of the power combining network [12, 16]. We have
redesigned the power combining network for manufacturability and, at the time of this writing, we have machined
several pieces of this structure. In this work we present the
final RF design of the power combining manifolds, the mechanical design and manufacturing process, and preliminary
structural characterization data from the cavities we have
built using Scanning Electron Microscopy (SEM) and 3D
microscopy.

This project was funded by U.S. Department of Energy under Contract
No. DE-AC02-76SF00515, and the National Science Foundation under
Contract No. PHY-1415437.
ftouf@slac.stanford.edu
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(b) Mechanical Model.

Figure 1: W-Band Power Extraction Structure.

MANIFOLD DESIGN
Two levels of manifolds combine the power of 160 cavities. The top-level manifold, shown in Fig. 2, combines the
power from 4 sets of 40 cavities. An H-plane T-junction
is designed using the methodology of [14, 15]. The junctions are spaced with appropriate lengths to have the same
phase advance and be synchronous with the speed-of-light
electron beam. The last junction is terminated with a short,
positioned appropriately for the manifold to be matched. The
output interface is a WR10 waveguide.
In the second manifold level, two parallel manifolds with
E-plane T-junctions power-combine a total of 40 cavities (20
cavities each). The methodology of designing the T-junction
3-port network is reported in [14, 15]. When power combining 40 cavities the power going to each cavity is very small
compared to the power flowing in the manifold, resulting in
a waveguide height that is too thin to manufacture at these
frequencies. We have redesigned the T-junctions of this
manifold as shown in Fig. 3 in order to be machinable and
MC7: Accelerator Technology
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SUB-PICOSECOND X-RAY STREAK CAMERA USING HIGH-GRADIENT
RF CAVITIES∗
F. Toufexis† , V.A. Dolgashev, SLAC, Menlo Park, CA 94025

Abstract

We are developing an ultrafast diagnostic system for X-ray
beams from Synchrotron Light Sources and Free-Electron
Lasers. In this system, the X-ray beam is focused on the
photocathode of a high-gradient radio-frequency cavity that
accelerates the photo-emitted electrons to a few MeV while
preserving their time structure. The accelerated electron
beam is streaked by radio-frequency deﬂectors and then
imaged on a screen. This approach will allow orders of
magnitude improvement in time resolution over traditional
streak cameras and could potentially enable time-resolved
diagnostics of sub-100 fs X-ray pulses. We present preliminary beam dynamics simulations of this system and discuss
the implementation.

INTRODUCTION

Streak cameras are instruments for measuring the variation in a pulse of light’s intensity with time. The time structure of the incident light pulse can be encoded onto an electron beam through a photocathode. The photo-electrons are
accelerated and streaked producing a 2D image on a screen,
from which the intensity versus time of the initial light pulse
can be inferred. Streak cameras have been used in particle
accelerators for a variety of instrumentation tasks including
bunch length measurements, longitudinal instability measurements, characterization of Free-Electron Laser (FEL)
performance, and synchronization in pump-probe experiments [1]. They have also been used for plasma diagnostics [2–4]. The 2D image of visible light streak cameras was
used to create a 2D movie of a light pulse [5–7]. The same
concept has been studied for an X-ray streak camera [8].
The typical time resolution of X-ray streak cameras is on
the order of a few ps, primarily limited by the bunch lengthening due to the initial energy spread of the photo-electons
and low accelerating ﬁeld on the photocathode. With photocathode ﬁelds on the order of 10 kV mm−1 , single-shot
sub-picosecond streak cameras have been demonstrated with
600 fs Full Width Half Max (FWHM), 350 fs rise time, and
50 fs timing jitter [3, 9–11]. In accumulation mode, time resolution down to 233 fs was achieved [12,13]. However, these
experiments used UV light instead of an X-ray beam. In was
shown in simulation that using low-power accelerating RF
ﬁelds may improve the resolution down to 100 fs [14, 15].
THz radiation [16] and laser light [17, 18] have shown resolution of 10 fs and 100 as, respectively. RF deﬂectors have
been used to capture ultrafast processes in a single shot in
Ultrafast Electron Diﬀraction (UED) [19–21].
∗
†

This project was funded by U.S. Department of Energy under Contract
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In this work we propose the use of a high-gradient RF
photo-injector and RF deﬂector as an ultra-high-resolution
X-ray streak camera operating in either single-shot or accumulation mode. We begin by examining the time resolution
limits of X-ray streak cameras and show how high gradients
can improve the resolution by 1 - 2 orders of magnitude. We
further discuss implementation issues and present preliminary beam dynamics simulations of this system with beam
dynamics code ASTRA [22].

TIME RESOLUTION LIMITS
The time resolution of streak cameras is limited by several factors including bunch lengthening due to the initial energy spread of the photo-electons and low accelerating ﬁeld on the photocathode, the deﬂection speed, and
space charge
[3, 9, 23]. These eﬀects can be wrapped into


Δt = Δt 2j + Δt e2 + Δt 2a + Δt 2d + Δt 2s + Δt 2sc , where Δt j is
the time jitter for accumulation mode, Δt e is the time spread
of the secondary photo-electrons (typically ignored since
it is on the order of 10 fs [24]), Δt a is the bunch lengthening due to the initial energy spread of the photo-electons
and accelerating ﬁeld on the photocathode, Δt d is the bunch
lengthening due to the drift between the anode and sweeping
plates, Δt s is the time error due to the ﬁnite transverse emittance and the ﬁnite deﬂection speed, and Δt sc is the bunch
lengthening due to space charge. The bunch lengthening
due to the initial energy spread of the photo-electons and
accelerating ﬁeld on the photocathode for a constant gradient
can written as [9]
√
2.63 δE  
ps ,
(1)
Δt a =
Va

where δE is the FWHM of the electron energy in eV, and Va
is the accelerating ﬁeld on the photocathode in kV mm−1 . In
traditional streak cameras Va is on the order of 10 MV m−1 .
High-gradient warm S-Band (2.858 GHz) and X-Band
(11.424 GHz) photo-injectors can operate at cathode accelerating ﬁelds up to 130 MV m−1 and 200 MV m−1 , respectively [25]. High-gradient cryogenic copper at 45 K X-Band
(11.424 GHz) photo-injectors can operate at surface ﬁelds
up to 500 MV m−1 [26] – a factor of 50 improvement over
state-of-art X-ray streak cameras, reducing the term Δt a
well bellow 10 fs. The high accelerating ﬁelds "freeze" the
photo-electron beam zeroing the terms Δt d and Δt sc .
For an RF deﬂector, the term Δt s can be re-written as

me c2
γ n
1
,
(2)
Δt s =
π f V0 qe sin Δψ
βd
where c is the speed of light, f is the frequency of the RF
deﬂector, V0 is the peak deﬂecting voltage, qe is the electron
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ANALYSIS ON THE THERMAL RESPONSE TO BEAM IMPEDANCE
HEATING OF THE POST LS2 PROTON SYNCHROTRON BEAM DUMP
L. Teofili∗12 , M. Marongiu, M. Migliorati12 , Sapienza University of Rome, Rome, Italy
F. Giordano, I. Lamas, F-X. Nuiry, G. Romagnoli, B. Salvant, CERN, Geneva, Switzerland
1 also at CERN, Geneva, Switzerland, 2 also at INFN, Rome, Italy

Abstract
The High Luminosity Large Hadron Collider (HL-LHC)
and the LHC-Injection Upgrade (LIU) projects at CERN are
upgrading the whole CERN accelerators chain to increase
beam brightness and intensity. In this scenario, some critical
machine components have to be redesigned and rebuilt. Due
to the increase in beam intensity, minimizing the electromagnetic interaction between the beam and devices is a crucial
design task. Indeed, these interactions could lead to beam
instabilities and excessive thermo-mechanical loadings in
the device. In this context, this paper presents an example
of multi-physics study to investigate the impedance related
thermal effects. The analysis is performed on the conceptual
design of the new proton synchrotron (PS) internal dump.

INTRODUCTION

In the framework of the project LIU [1], all the LHC
injectors chain is being upgraded in order to operate with
beams of increased intensity and brightness. This is critical
for those accelerator components that have to interact directly
with the beam as collimators, scraper, absorbers or dumps.
This class of devices is also know with the name of Beam
Intecepting Devices (BID). Their functionality can be deeply
affected by changes in beam intensity. Thus, if this parameter
increases, detailed and careful studies should be done to
assess if the BID will continue to work as expected in the
new scenario. In case the functionality is compromised, a
new BID has to be redesigned and rebuilt.
The intensity of the beams in the Proton Synchrotron (PS)
is foreseen to be doubled with respect to the current situation after the long shutdown 2 (LS2), 2019-2020 [1]. In this
scenario, the two current internal dumps, which are responsible for stopping the beam if needed or requested, have to
be replaced. It has been proven that they cannot cope with
the new post LS2 high intensity beams [2]. The design of
the new devices, able to absorb and stop the new intense
beams, has been recently completed and it is currently in
the prototyping phase [3, 4]. The new PSdumps are scheduled to be installed before May 2020. The initial design of
the device presented high impedance, i.e. strong electromagnetic interaction between the beam and the device itself. A
high impedance can generate beam instabilities and high RFHeating [5]. An impedance reduction campaign was carried
out at CERN [6]. The design of the new PSdump was electromagnetically simulated in order to individuate the reasons
of such a high impedance. The design was modified in order
∗
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to decrease the electromagnetic coupling between the beam
and the device. The operations of simulation and design modification were iteratively repeated until the impedance of
the PSdump was under the beam instability threshold [7, 8].
This paper, after the presentation of the device geometry and
materials, reviews the impedance of the last PSdump design.
Subsequently, it focuses on the impedance heating induced
by the beam on the device. Finally, it reports the results of a
thermal simulation in a pessimistic scenario.
The device geometry is presented in Fig. 1. The main
part of the dump is the dump core (180 × 230 × 40 mm3 ) [4],
made by two blocks of different materials: Copper Cromium
Zirconium (CuCr1Zr) and Graphite. They have to stop and
absorb the particle beam. Inside the core, a system of cooling
pipes in stainless steel is hipped [4, 9] to the CuCr1Zr block.
This boosts the efficiency of the heating exchange between
the dump core and its cooling pipes, in which water flows at
22 ◦ C. The dump core and the cooling system is mounted
on a movable shaft. The extremity of this shaft can rotate
moving the core from its rest position to the working position,
i.e. the core is put into the beam trajectory so that the beam
is completely absorbed (see Fig. 1 right). The core and its
shaft are assembled into a vacuum vessel, as shown in Fig.
1 right.

ELECTROMAGNETIC SIMULATIONS
As anticipated, an impedance minimization campaign was
carried out for the device and it is presented in [6]. Thus,
this section discusses just the impedance results on the last
PSdump model with the aim of computing the induced RFHeating. The impedance of the device was estimated using
the commercial software CST studio suite [10]. It is well
known and widely used at CERN for electromagnetic simulations [11]. Its Eigenmode solver [12] computes the resonant
frequencies ( fr n ), the Shunt impedances (Rn ) and the quality factors (Q n ) of the nth electromagnetic resonant mode
in the PSdump. This data can be fitted with a Lorenzian
function and summed up in order to obtain Z( f ), the device
impedance as a function of frequency f :
Z( f ) =

n=∞
Õ
n=1

Rn
1 + jQ n

f
fr n

−

fr n 
f

,

(1)

√
where j = −1. CST Wakefield solver [13] allowed to
compute directly the impedance. The impedance obtained
from Wakefield and Eigenmode solver was compared as a
benchmark and little differences were found. In Fig. 2 the
model used for electromagnetic simulation is shown. In table
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BEAM IMPACT EXPERIMENT OF 440 GeV/p PROTONS ON
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ENVIRONMENT∗
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Abstract

The superconducting magnets used in high energy particle accelerators such as CERN’s LHC can be impacted by
the circulating beam in case of speciﬁc failure cases. This
leads to interaction of the beam particles with the magnet
components, like the superconducting coils, directly or via
secondary particle showers. The interaction leads to energy
deposition in the timescale of microseconds and induces
large thermal gradients within the superconductors in the
order of 100 K/mm. To investigate the eﬀect on the superconductors, an experiment at CERN’s HiRadMat facility
was designed and executed, exposing short samples of Nb-Ti
and Nb3 Sn strands as well as YBCO tape in a cryogenic
environment to microsecond 440 GeV/p proton beams. The
irradiated samples were extracted and are being analyzed for
their superconducting properties, such as the critical transport current. This paper describes the experimental setup
as well as the ﬁrst results of the visual inspection of the
samples.

INTRODUCTION

In order to understand the damage limits of superconducting accelerator magnets due to direct beam impact, an
experimental road-map was set up, as described in [1, 2].
Within this road-map several experiments, with and without
beam, have been launched to study the degradation of Nb-Ti
and Nb3 Sn based superconducting strands due to ultra short
and localized energy deposition. This paper describes the
ﬁrst direct beam impact experiment in cryogenic environment on Nb-Ti, Nb3 Sn and YBCO superconductors.
The low temperature superconductors (LTS) used in the
magnets of CERN’s LHC and its upgrade, the HL-LHC, are
based on Nb-Ti and Nb3 Sn. Therefore, in the beam experiment 50 mm long samples of the LHC dipole type Nb-Ti
strands with a diameter of 0.825 mm [3] and the HL-LHC
type RRP® Nb3 Sn strand with a diameter of 0.85 mm [4]
were used. The Nb3 Sn short strand samples were reacted in
quartz glass tubes, to guarantee perfect strand straightness
and ease the alignment in the sample holder. The cross section of both strand types are shown in Fig. 1. The copper
matrix and the ﬁlaments are clearly visible. Furthermore,
∗

†

Figure 1: Nb3Sn∗ (top left) and Nb-Ti strand∗ (top right) as
well as short sample of YBCO-tape (bottom), used in the
experiment. ∗ Image Courtesy M. Meyer, CERN.

Supported by the HL-LHC project and the Wolfgang Gentner Programme
of the German Federal Ministry of Education and Research
andreas.will@cern.ch

Figure 2: Side view of the assembled LTS tape sample holder.
The setup from diﬀerent blocks of copper is clearly visible.
The blue arrow indicates the proton beam direction.
60 mm long samples of high temperature superconductor
(HTS) tape based on YBCO were used. This tape was provided by BRUKER and one sample is shown in Fig. 1.

EXPERIMENTAL SETUP
Sample Holders
The two sample holders consist of blocks of copper, allowing easy sample mounting. The blocks of the ﬁrst sample
holder have slits adapted to the geometry of the HTS tapes.
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Abstract

The powering layout of the new HL-LHC Nb3 Sn triplet
circuits is the use of cryogenic bypass diodes, where the
diodes are located inside an extension to the magnet cryostat, operated in superﬂuid helium and exposed to radiation. Therefore, the radiation hardness of diﬀerent type
of bypass diodes has been tested at low temperatures in
CERN’s CHARM irradiation facility during the operational
year 2018. The forward characteristics, the turn on voltage
and the reverse blocking voltage of each diode were measured weekly at 4.2 K and 77 K, respectively, as a function of
the accumulated radiation dose. The diodes were submitted
to a dose close to 12 kGy and a 1 MeV equivalent neutron
ﬂuence of 2.2×1014 n/cm2 . After the end of the irradiation
campaign the annealing behaviour of the diodes was tested
by increasing the temperature slowly to 300 K. This paper describes the experimental setup, the measurement procedure
and discusses the results of the measurements.

INTRODUCTION

For the High-Luminosity LHC (HL-LHC), novel Nb3 Sn
based inner triplet quadrupole magnets are going to be installed as the ﬁnal focus quadrupoles for the interaction
points 1 and 5 of the LHC [1–4]. The complexity of these
inner triplet circuits calls for the installation of cold diodes
in parallel of the quadrupole magnets Q1, Q2a, Q2b and
Q3 (see Fig. 1). The diodes will be located in a dedicated
cryostat close to the separation dipole D1, immersed in superﬂuid helium and exposed to signiﬁcant radiation levels
from the debris of the interaction point. At the foreseen
position, a dose of 30 kGy and a 1 MeV equivalent neutron
ﬂuence of 2 × 1014 n/cm2 was estimated using the FLUKA
Monte Carlo code [7, 8] for the lifetime of the HL-LHC [9].
To verify that cold diodes can be used in the above described radiation environment, an irradiation campaign was
performed in the CERN High energy AcceleratoR Mixed
ﬁeld facility (CHARM) [10–12]. A sketch of the experimental setup is shown in Fig.2. The cryostat is cryocooler based
and houses two stacks of four diodes each. One of the stacks
is thermally anchored to the ﬁrst stage of the cryocooler,
∗
†
‡
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Figure 1: Circuit layout of the HL-LHC inner triplet, showing the quadrupoles Q1, Q2a, Q2b, Q3, the main, and
trim power converters with their crowbars, the Coupling
Loss Induced Quench protection systems (C) and the cold
diodes [5, 6].

which is operated between 50 and 77 K. The other stack is
thermally anchored to the second stage of the cryocooler and
kept at 4.2 K. The setup allows to measure the turn-on (Uto )
and reverse bias voltage (Urev ) in-situ for all diodes. In addition, the forward characteristics (U f (I)) of the diodes on
the ﬁrst cryocooler stage were measured with short current
pulses of up to 18 kA at 77 K. A more detailed description
of the experimental setup and the in-situ measurements can
be found in [13].
In the experiment, so-called LHC reference, thin base and
very thin base power diﬀusion diodes were used, each having a speciﬁc p+ nn+ doping proﬁle and n-base width. The
n-base width is hereby deﬁned as the distance of the intersections of the p+ and n+ doping proﬁles with the n-doping
level of the Silicon wafer before the diﬀusion process. Table 1 provides an overview of the parameters of the diﬀerent
diodes used in the experiment. Note, that the n-base width
does not have an impact on Uto or U f (I) of the virgin diodes.
However, Urev decreases with decreasing n-base width.
Table 2 summarizes the dose and 1 MeV equiv. neutron
ﬂuence accumulated for each diode at the end of the 6 month
long irradiation campaign.

RESULTS OF THE IRRADIATION
CAMPAIGN
Forward Voltage at 77 K
Figure 3 shows the measured relative increase of the forward voltage U f in diode D4 as function of the accumulated
1 MeV equiv. neutron ﬂuence for currents from 1 kA to
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A MONITORING SYSTEM FOR TPS LINAC
C.L. Chen†, H.P. Chang, C.S. Fann, K.L. Tsai, National Synchrotron Radiation Research Center,
Hsin-Chu City, Taiwan

Abstract
Since 2014, TPS Linac system has been operating regularly. In order to keep a high stability during a long operating time, it is important to develop a monitoring system
to monitor all sub-systems’ parameters, including setting
values, reading values, control inputs and outputs. This
system is not only recording all above mentioned parameters, but also provides an efficient diagnosis in case of
troubleshooting. Because the controlling system in TPS
Linac is using Siemens S7-300 PLCs, Simatic WinCC is
utilized to develop a historical recorder to archive operational analyses, and operator activities in operation. This
paper attempts to show a complete solution for the integrated software structure and its resulting process analysis.

INTRODUCTION

TPS Linac comprises of a 90 keV thermionic gun, a
500 MHz subharmonic prebuncher (SPB), primary buncher unit (PBU), final buncher unit (FBU), and three 5meter accelerating sections. The electron beam leaves the
surface of the thermionic gun with 90 keV, and is accelerated to 150 MeV by three 35 MW pulse forming network
(PFN) klystrons [1]. The control of TPS linac system is
using S7 Siemens distributed PLCs, which are connected
in an identical Ethernet. All signals of the PLC system are
monitored by a general control system, which provide a
real-time data for operators. This general control system,
which is programmed with EPICs and is using a soft IOC,
allows operators to change the setting parameters in order
to optimize the linac performance. The operators can use
the graphical user interface (GUI) to monitor the current
status of electron source, three RF modulators, RF distribution, magnets, and vacuum gate valves.
Together with the distributed PLCs, the control system
provides a reliable and efficient user interface for operators while the linac system is operating. The controlling
system provides user to change setting parameters and
monitor their reading values instantaneously. All interlock
signals and error messages are shown on the GUI for
operators to check the linac system and to resolve the
causes. All incidents which are caused by activated interlock are reported to responsible personnel. TPS is running
at top-up mode continually with an injection every 4
minutes. If an interlock is activated, it would stop the
linac system for the further checks. This may cause the
termination of top-up injection process. Firstly, if the
sequences of PLC’s signals, which are triggered to activate the system interlock, are recorded with time stamps,
___________________________________________
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these information can help to understand the actual causes
and reduce the down time. Moreover, the increase in wear
on the system is taken more seriously, because the linac
system is operating 24 hours a day. Some linac output
signals, such as klystron filament voltage and power dissipation energy, are becoming increasingly important.
These outputs are changing slightly year by year. So it is
necessary to record these outputs yearly and find out the
tendency before the components are worn out completely.
A commercial monitoring software, so called Simatic
WinCC, can fulfil the above two requirements. It is used
to monitor and record the linac operation processes. This
paper presents the software structure in detail and provides an example of how to determine a PLC noise interference by using WinCC.

CONTROLLING SYSTEM LAYOUT
Simatic WinCC is a window-based software which is
developed from Siemens. It is a supervisory control and
data acquisition (SCADA) and human machine interface
(HMI) system, which is designed for Siemens PLCs [2].
TPS linac system was delivered by Research Instruments
(RI). The entire system is using Siemens’ S7 PLCs as its
main controlling system. This is a great compatibility of
using the Simatic WinCC to monitor TPS linac system.
Figure 1 shows the overview of the connection of PLCs in
TPS linac. All PLCs are connected in the same local area
network (LAN). All signals of the PCL system can be sent
or received in this network, shown in Figure 1.

Figure 1: Overview of the connection of PLCs.
In the existing TPS linac system, all signals, including
interlocks, setting parameters, and monitor values, are
managed and programmed with EPICs in a soft input/output controller (IOC). The functionality of WinCC
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DIAGNOSTIC TOOL FOR COMPACTPCI CRATES
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National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan
Abstract
On the control system hardware platform for the Taiwan
Photon Source (TPS) more than half use CompactPCI
crates. If a crate malfunctions, the internal crate card will
not operate properly affecting accelerator operation. If the
crate, however, could provide instant remote operational
information, an opportunity exists to maintain or replace it
in advance. Therefore, a diagnostic tool was developed to
analyse and diagnose the condition of the crates. When abnormal operations occur, an alarm can be issued for early
inspection and maintenance. This way it is possible to prevent the EPICS IOC from crashing by CompactPCI crates,
which improves the reliability of accelerator operation. A
detailed system architecture, implementation and progress
will be discussed in this report.

INTRODUCTION
The Taiwan Photon Source (TPS) [1] is a 3 GeV synchrotron light source which was constructed at the National
Synchrotron Radiation Research Center (NSRRC). The
TPS control system [2] is based on the Experimental Physics and Industrial Control System (EPICS) [3] framework.
The EPICS toolkits provide standard tools for display creation, alarm handling, archiving data and more. The devices are connected to an Input Output Controller (IOC)
based on EPICS via a control network connection. Many
devices in the TPS control system hardware are compatible
with SNMP, such as: CompactPCI (cPCI) crates, Uninterruptible Power Supplies (UPSs), network switches etc. Figure 1 shows the device which supports an SNMP in the TPS
control system. The number of devices is very large and it
is difficult to monitor all these devices. Establishing a tool
to automatically diagnose the device condition is desirable.
We chose to monitor the cPCI crates first and create tools
to diagnose their condition.
File Servers
Storage Servers, etc

Consoles and Servers

Uninterruptible
Power System

TPS Control Ethernet

Network switchs

cPCI EPCIS IOCs
Miscellaneous EPCIS IOCs

Figure 1: SNMP support for devices in the TPS control system.
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The CompactPCI (cPCI) is equipped with input/output
modules as a standard EPICS IOC to control subsystems.
In the TPS control system more than half using cPCI as
hardware control platform. The cPCI are installed inside
the Control Instrumentation Areas (CIA) which are distributed along the outside wall of the machine tunnel.
To achieve a high availability of the TPS control system
the cPCI crates must be reliable. We therefore create a cPCI
crate diagnostic tool to collect status and diagnostic information to maintain the reliability of the TPS control system.
The EPCIS IOC can read the status of the cPCI crates and
use the diagnostic tool to monitor their condition. When
abnormal conditions occur, such as a crate overheating, a
power breakdown, a fan working abnormal or failing, the
diagnostic tool will show an alarm message on OPI (Operator Interface) and send alarm notification to the responsible personnel via E-mail.

EPICS SNMP DEVICE SUPPORT
SNMP
The SNMP (Simple Network Management Protocol) is
a standard Internet protocol for managing and organizing
information of Ethernet-based devices. SNMPs have been
developed in three significant versions: v1, v2c, v3. Depending on the different version they have different features such as performance, flexibility and security. The
SNMP is composed of a managed device, an agent and a
Network Management System (NMS). A managed device
is a network node that implements a SNMP interface to collect and store management information and make this information available to NMS using SNMP. An agent is a
software module that resides on a managed device and allows it to collect management information from the managed device database and makes it available to the NMS.
An NMS executes applications that monitor and control
managed devices and regularly polls data from agents.

DevSNMP
The devSNMP [4] provides EPICS device support for
hardware devices that communicate via SNMP, and can use
access management data from any network device in the
same manner. By using devSNMP, the EPICS IOC can
query data from devices via SNMP, then store data in the
EPICS database for PV channel access. The OPI shows the
device information via the Channel Access (CA) protocol.
In Fig. 2 we show the system structure of an EPICS integrating an SNMP with a cPCI crate in the TPS. The EPICS IOC retrieves information via SNMP from the cPCI
crates and the information will be stored in the EPICS database for PV channel access. The OPI can show crate information via channel access and the diagnostic tool can
use the data to diagnose the condition of the crates.
THPTS070
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PERFORMANCE OF TPS CRYOGENIC PERMANENT MAGNET
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Abstract
Development of cryogenic permanent magnet undulators (CPMUs) is the most recent activity for Phase-II beamlines at the Taiwan Photon Source. A hybrid-type CPMU
with a period length of 15 mm, based on PrFeB permanentmagnet materials, is under construction. A maximum effective magnetic field of 1.33 T at a gap of 4 mm is obtained
at 80 K.

Thermal conductance
feedthrough
Cryo-cooler
(ColdHead)

CRYOGENIC UNDULATORS AT TPS

A CU15 was constructed and tested at NSRRC. Figures
1 and 2 show the CU15 with in-situ measurement system
and a sketch of the CPMU, respectively.

Figure 1: Photograph of the TPS CPMU with an in-situ
field measurement system.

____________________________________________

Spring force compensating
module
Differential adjuster
In-vacuum girder

INTRODUCTION

A cryogenic permanent magnet undulator (CPMU) is regarded as a main source for highly brilliant X-rays at TPS.
A CPMU with a period length of 15 mm, CU15, has been
constructed in cooperation with NEOMAX Engineering
Co. The main features of CU15 are the usages of (1) PrFeB
permanent magnet material (PM) with remanent fields of
1.68 T at 80 K, (2) mechanical frame with force-compensating spring modules, (3) temperature control system on
the permanent magnets, (4) cryo-coolers to compensate for
various sources of heat loads and (5) separate vacuum to
avoid conflict with storage ring ultra-high vacuum rules.
The related technologies for CU15 were reported in [1-3].
The in-situ field measurement system is as important as the
undulator development itself, in particular, the low temperature calibration system [4,5] and we present here the performance of CU15.

Out-of-vacuum
girder

RTDs (PT100)
Permanent magnets
Separated vacuum
Chamber
Cooling bar
Thermal straps

Figure 2: Sketch of the TPS CPMU.

MAGNETIC FIELD PERFORMANCE
Low phase errors are desired characteristics for CU15 to
allow the generation of higher harmonics without significant degradation of synchrotron radiation (SR) brilliance.
Large RMS phase errors can be caused by magnetic field
errors along the undulator axis originating from: (1) individual differences among the magnet blocks (remanent
field and physical magnet dimension tolerances) and (2)
undulator gap errors. By sorting and swapping magnets,
the field differences among the poles can be minimized.
Local gap errors derived from manufacturing tolerances
(flatness of the in-vacuum girder, length of link rods) can
be corrected by differential adjusters. These field-correction procedures are fundamental for in-vacuum type undulators.
Gap errors caused by mechanical deformations at small
gaps are of a dynamic nature. Such gap errors are gap-dependent, since the magnetic forces increase exponentially
with decreasing undulator gap. The magnetic force per unit
length reaches around 16 kN/m at a gap of 4 mm, and therefore, four spring force compensating modules are located
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FIELD MEASUREMENTS FOR A SUPERCONDUCTING MAGNET AT
ROOM TEMPERATURE
J. C. Jan†, F. Y. Lin, Y. L. Chu, C. Y. Kuo, C. C. Chang, J. C. Huang and C. S. Hwang,
National Synchrotron Radiation Research Center, Hsinchu, Taiwan, R.O.C
Abstract
A superconducting multipole wiggler magnet was fabricated at the National Synchrotron Radiation Research Center (NSRRC) and was installed at the Synchrotron Light
Research Institute (SLRI). A field strength of 3.5 T could
be reached with NbTi superconducting coils while the
magnetic arrays are immersed in a liquid helium bath. A
removable mapping chamber, made from thin stainlesssteel sheets, was designed to allow field mapping in the
narrow aperture of the SMPW. The mapping chamber provides a room temperature environment for the magnetic
field mapping and enables an easier field scan by Hall
probes and stretched wire compared to the interior of the
cryostat. The design for the mapping chamber includes a
blockage of heat transfer from room temperature to the cryogenic beam chamber and strong enough features to resist
deformations during evacuation. The mechanical design,
strain simulation, thermal simulation and measurement results with the mapping chamber will be discussed in this
paper.

arrays, the 4.2 K vessel duct, the AL-beam chamber, the
mapping chamber and the Hall probe mapping system
(HPS). Serval small G10 supports were inserted between
the 100 K beam chamber and the 300 K mapping chamber
to fix the position of the mapping chamber (hidden in the
figure). The minimum distance between the 100 K ALbeam chamber and the 300 K mapping chamber is 1 mm
while the space between the mapping chamber and the HPS
is 2.4 mm. The clear space is 10 mm μ 24 mm for the HPS,
and 3 mm μ 50 mm for the stretched wire measurement.

INTRODUCTION
A superconducting multipole wiggler (SMPW) with a
period length of 77 mm was designed, fabricated and measured at the NSRRC. The field strength of the SMPW, generated with NbTi superconducting coils immersed in a liquid helium (LHe) bath, is 3.5 T at a 22.5 mm pole gap. The
layers of the cryostat from the inside out consist of a 4.2 K
LHe vessel, a 80 K shielding and a 300 K vacuum vessel
[1]. A semi-cool Aluminum (AL) beam chamber (~100 K)
is inserted in the LHe vessel to supply an ultra-high vacuum environment for electron beam and to minimizing radiation heat transfer to the LHe vessel [1, 2]. In order to
examine the field quality of the superconducting magnet,
several measurement systems were developed for the superconducting magnet under vacuum and cryogenic environment [3-6]. A mapping method of the SMPW was developed to create a room temperature environment inside
the AL-beam chamber that allows Hall probe mapping and
stretched wire measurements in the cryostat. The challenge
of room temperature environment created inside the beam
chamber include a heat block and sufficient strength in the
limited space available in the SMPW gap.

MAPPING CHAMBER DESIGN
Room temperature field mapping of a superconducting
magnet was done in the cryostat of the SMPW, where space
and thermal length are limited in the AL-beam chamber.
Figure 1 (a) shows a sketch of the superconducting magnet
___________________________________________
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Figure 1: Field mapping at room temperature in a cryostat.
(a) Sketch of the room temperature mapping chamber and
cryostat. (b) Setup of the mapping system for the SMPW
and (c) photo of the mapping chamber.
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RADIATION DAMAGE TO UNDULATOR ELECTRONICS AT AN
ELECTRON ACCELERATOR
T.Y. Chung†, C.H. Chang, Y.W. Chen, A.Y. Chen, J.C. Huang and J.C. Jan,
National Synchrotron Radiation Research Center, Hsinchu, Taiwan
Abstract
Experience gained from commissioning and operation
of three elliptical polarization undulators (EPU) at the
TPS taught us that undulator driving systems can behave
erratically following a beam dump or loss. In this work,
we discuss possible harmful radiation sources in a storage
ring and analyse the effect of lack of electronic
component radiation resistance in the system. According
to measurements of spatial radiation distribution at the
TPS, we propose solutions and an improved design for
Phase-II EPUs.

including a review of reliability reports for semiconductor
devices. In Section 4, we propose several solutions and
show an improved EPU design for Phase-II at the TPS. A
summary is given in Section 5.

This is a preprint — the final version is published with IOP

INTRODUCTION
Insertion devices (ID) play a key role to produce
radiation in a light source. Photon energy tuning and
polarization control typically depends on a change in the
magnetic field based on movements of permanent
magnets (PM) in both, hybrid and pure type devices. A
reliable driving system, therefore, is required. In addition
to a robust mechanical structure, electronics in a driving
system also need to be stable even in a radiation
environment. Radiation damage and protection on an ID
becomes a worthwhile item for discussion to obtain
reliable operations.
An APPLE-II is a pure PM type EPU and capable to
provide full polarization control by relative motion of all
four PM arrays [1]. Two EPU48 and one EPU46 have
been operating in the Taiwan Photon Source (TPS) with a
3 GeV storage ring since the end of 2015 [2]. Radiation
damage on PMs and induced demagnetization [3,4] has
not been observed, but the driving system can become
erratic. A malfunction of optical encoders, sometimes
called linear scalers, is found to follow an electron beam
dump or loss, as seen by the events A and B in Fig. 1. The
events generate erroneous position values. The event A
auto recovers but the event B is followed by a violent
drive of PM arrays in a closed-loop control system. To
protect the EPUs, potentiometers have been installed to
retain array position values, yet at a much reduced
precision compared to optical encoders.
The objective of this work is therefore to propose
solutions for radiation-induced interruptions from detailed
studies of optical encoders and their radiation sensitivities.
We organize this paper as follows. In Section 2, we
discuss radiation sources at high energy electron
accelerators and show measurements of spatial radiation
distribution at the TPS. In Section 3, we study the
radiation sensitivity of optical encoder components,
___________________________________________
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Figure 1: Archived data of beam current and gap reading
values of the TPS EPU46. The erroneous gap readings are
related to a beam dump or loss, indicated by A and B.

RADIATION SOURCES IN A
STORAGE RING
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The purpose of a storage ring is to produce synchrotron
radiation (SR) for users, and hence, SR is a common
radiation source in a ring. In addition, a high energy
electron striking material will develop an electromagnetic
cascade by bremsstrahlung and generate a shower of
secondary particles and photons. The type, intensity and
energy of this radiation depends on the energy of the
initial electron and the irradiated material [5]. Radiation
sources of concern in the TPS are mainly low energy
photons (SR), gamma rays and neutrons.
To understand the radiation sources and spatial dose
distribution, the radiation is monitored in a transverse
plane at a short straight section where there is a Phase-II
EPU installed. Opti-chromic dosimeters (OCDs) are
densely distributed in the plane. The OCD (FWT-70-40M)
is filled with a liquid radio chromatic dye solution in a
long plastic tube, and has good linearity for photons and
neutrons [6]. Figure 2 shows the dose variation with
distance from the electron beam path. Positive X and Y
values indicate inner and upper locations, respectively.
The dose distribution is near mirror symmetric with
respect to the electron beam orbital plane and is much
stronger outside the ring.
To understand irradiation effects on encoders, we
analyse archived data to present error rates of encoders in
the existing three EPUs from March 2017 to January 2019.
The error rate indicates that erratic position values occur
mostly after electron beam dumps and losses. An error is
defined whenever the allowable position changing speed
for gap or phase is exceeded. Because the phase encoders
are located behind a solid mechanical part of the EPU,
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THE COMMISSION OF HOME-MADE 500MHZ, 80KW SOLID-STATE AMPLIFIER IN NSRRC
T. C. Yu†, Ch. Wang, L. H. Chang, M. S. Yeh, M. C. Lin, C. H. Lo, F. T. Chung, M. H. Chang,
L. J. Chen, Z. K Liu, Fu-Yu Chang, S.-W. Chang, Yi-Da Li, NSRRC, Hsinchu, Taiwan

Abstract
Solid-state for high power RF application is an attracting
and interesting technology which is now become popular
in accelerator field. To adopt and master such technique, a
500MHz, 80kW solid-state amplifier is thus developed in
NSRRC. The amplifier is consisted of 100 900W amplifier
modules which are driving by identical modules. Each
module contains input and output directional couplers and
status monitoring circuits. To have longer life time and better performance, the RF power transistors are integrated
with water cooled heat sink directly. In such a way, the transistors have higher output power and better efficiency. The
RF power of each module is combined through coaxial
combiner while its DC power is provided by parallel connected DC power supplies which can provide better redundancy and reliability. The home-made solid-state amplifier
is demonstrated to have quite high quality RF power and
reliability with acceptable power combination efficiency.

INTRODUCTION

After the successful power delivery of 8.5kW by ten
900W solid-state power amplifier (SSPA) modules in 2016
[1] and 18kW by twenty 900W SSPA modules in 2017,
80kW continuous power is successful delivered in 2019 by
one-hundred 900W SSPA modules power combination in
NSRRC. The amplifier module, designed by NSRRC, includes planar balun push-pull power amplifier circuit [2],
RF power transistor BLF578XR, 1000W circulator,
1200W stripline load and a status monitoring circuit. The
circuit with cooling plate design without circulator is
demonstrated to be able to operate at 1kW continuously for
1000 hours with lower than 1% power drop. In addition,
the RF power combination efficiency is quite robust to the
amplitude and phase variation among the SSPA modules
[3]. By adding a circulator, 0.2-0.25 dB additional loss is
thus applied after the RF power transistor output. For 1kW
RF output at the transistor side, the circulator from Valvo
with 1kW power capability can delivery about 944-954W
as its limit. Therefore, the SSPA module was thus designed
to deliver 900W as its saturation working point.
The 80kW SSPA is accomplished by 3 stage power amplification as shown in Figure 1. The 1st stage is consisted
of two 100W pre-amplifiers which can deliver maximum
200W RF power in total via a 10-way power divider to ten
2nd stage drive amplifiers. The 2nd stage drive amplifiers are
thus used to drive the final one-hundred amplifier modules
via ten 10-way power dividers. The final stage 100 amplifier modules are divided as 10 groups and each group are
first combined by home-made power combiner then combined again by a 10-way travelling wave coaxial power

combiner which is a custom design for NSRRC from
COM-TECH. Such coaxial power combiner features equal
power distribution with 90˚ phase difference between each
ports according to its position. To gather the RF power
properly at the final stage power combiner, proper phaseshifters are thus added before each 2nd stage drive amplifier.
The output RF power shows quite efficient power combination without significant power loss at the final stage
power combiner. The 500MHz 80kW SSPA is completely
designed, manufacture, assembled and power test in RF lab
of NSRRC and its picture is shown in Figure 2. The prototype of the SSPA adopts separate modulator power supply
rack for easier system diagnosis, trouble shooting and redundancy. However, this way also brings the drawback of
longer DC power wires with more heat loss and additional
voltage drop.
10-way N to N
Microstrip divider

8.5kW

300W x 10

8.5kW x 10

-180˚
-180˚

0.9kW x 10

80kW

-90˚
100W x 2

-90˚
0˚
0˚

2-way
N to N
divider

10-way
3-1/8” to 6-1/8”
Travelling wave
coaxial combiner

2-way
N to N
+90˚
combiner

+90˚
10-way
N to N
coaxial divider

10-way
7/16” to 3-1/8”
coaxial combiner

+180˚
+180˚

Figure 1: The 80kW Solid-state amplifier system schematic diagram.

Figure 2: The 80kW solid-state amplifier with two separate
power supply racks.

THE FEATURES AND INTEGRATION OF
THE SSPA SYSTEM
The 500MHz 80kW fully solid-state power amplifier
system consisted of two 100W pre-amplifiers, ten 900W
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PERFORMANCE TESTS OF A DIGITAL LOW-LEVEL RF-SYSTEM AT
THE TPS*

Fu-Yu Chang, Lung-Hai Chang, Mei-Hsia Chang, Shian-Wen Chang, Ling-Jhen Chen, Fu-Tsai
Chung, Ming-Chyuan Lin, Zong-Kai Liu, Chih-Hung Lo, Yi-Ta Li, Chaoen Wang, Meng-Shu Yeh,
Tsung-Chi Yu
National Synchrotron Radiation Research Center, Hsinchu, 30076, Taiwan
Abstract
DLLRF ARCHITECTURE
A digital low-level RF (DLLRF) control system for the
cavity gap voltage is now common throughout the world.
At the Taiwan Photon Source (TPS) we installed and
operated a DLLRF in the booster ring in 2018 successfully and plan to install it also in the storage ring in 2019.
Operational and beam loading tests of the DLLRF at the
storage ring are ongoing. The performance of the DLLRF
in the presence of a large number of 60 Hz harmonics and
its stability for gap voltage and phase will be discussed.

INTRODUCTION

The TPS was designed to operate at 3 GeV, a frequency
of 500 MHz, a gap voltage of 2.8~3.5 MV and a beam
current of 500 mA. The normal operating beam current of
the TPS is currently 400 mA with plans to test 500 mA in
the second half of 2019. As the beam loading increases,
the power loading of the RF system becomes severe and
noise effects are expected to get worse. The LLRF of the
TPS is now an analogue system and does not provide
enough noise rejection to handle the heavy beam loading
situation in the future.
After overcoming several difficulties, including nonsynchronization phenomena due to jitters, cavity station
phase shifts while the front end is turned on/off and the
noise effect on the reference signal, we began to run beam
loading tests with the DLLRF from the end of 2018 during machine study times of the TPS. First, the gap voltage
stability for the digital and analogue systems are recorded
through the same monitor device. Second, the frequency
spectrum analyses and BPM results are compared between the digital and analog systems with 0 mA and 30
mA beam loading. Finally, high beam loading at 400 mA
was tested and related phenomena monitored.

The TPS storage ring has two KEKB type super conducting cavities placed at two different straight sections.
Each of them has an individual low-level system based on
the DLLRF architecture of the TPS storage ring as shown
in Fig. 1. The reference signal, MCLK from IC, goes into
each front end to create various synchronized CLKs and
Lo signals. It also is passed into the FPGA to participate
in the IQ demodulating function and phase synchronization. The detailed work principle could be seen in our
previous study [1]. The cavity gap voltage is controlled by
setting the amplitude (Vc) and station phase (θ sp). The
station phase means the phase leads the MCLK byθ sp
degrees. Thus, the actual phase of the DAC output is
regulated by the PI controller in order to lock the cavity
phase to be equal the phase of the MCLK plus the station
phase. By regulating the individual station phase of Cavity #2 and #3, the phase difference between both cavities is
created by adjusting the injection efficiency and power
balance.

STABILITY
The stability improvements of the DLLRF system
will be discussed by comparing the variation and standard deviations of the RF amplitude and phase for the
analog and the digital systems. The TPS storage ring
operates at a total gap voltage of 2.8~3.5 MV or about
1535 kV for each cavity. The cavity electric field stability is monitored by a circular buffer function implemented in the FPGA of the DLLRF system. The monitor sampling rate is 6.14 kHz, the length of data is 214
and the total time is 2.66 sec. The monitoring results of
the analogue and digital system are shown in Fig. 2.
The black and red lines are from the analogue and digital systems, respectively. For easy discussions, the results of the digital system are shifted with an offset of
about 64 kV and 96° in amplitude and phase, respectively. In Fig. 2(a), the maximum amplitude variations
of the analogue and digital systems are ±24 kV and ±4
kV. The maximum phase variations are ±1.07° and
±0.29° for the analogue and digital systems in Fig. 2(b).
The standard deviations of the amplitude and phase
were 0.48% and 0.313° for the analog and were 0.06%
and 0.070° for the digital system.

Figure 1: DLLRF architecture of the TPS storage ring.
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DESIGN AND CONSTRUCTION OF SEXTUPOLE MAGNET PROTOTYPE
FOR SIAM PHOTON SOURCE II PROJECT*
S. Prawanta† , P. Sunwong, B. Boonwanna, V. Sooksrimuang, A. Kwankasem, S. Pongampai,
P. Sudmuang, P. Klysubun, Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand
Abstract
Siam Photon Source II (SPS-II) project in Thailand is the
third-generation synchrotron light source. The lattice of the
3 GeV electron storage ring has been designed, consisting
of 14 Double Triple Bend Achromat (DTBA) cells with the
total circumference of 321.3 m. The storage ring lattice includes 56 bending magnets, 28 combined dipole and quadrupole magnets, 224 quadrupole magnets and 84 multifunction sextupole magnets. This paper presents the design
and construction of a sextupole magnet prototype for SPSII project. Magnet prototype was designed with the magnetic field gradient of 2,030 T/m2 and includes functions of
skew-quadrupole, horizontal and vertical correctors. The
magnetic core is made of S10C low-carbon steel. A prototype of sextupole magnet has been constructed. All dimensional tolerances are within the range of ±20 µm.

INTRODUCTION
The new SPS-II project is the third-generation synchrotron light source. It is designed and planned to be constructed by the Synchrotron Light Research Institute
(SLRI), Thailand. The new light source will have a much
smaller electron beam emittance, high brightness, high precision magnets and high precision alignment. The DTBA
cell consists of 4 bending magnets (BM), 2 combined dipole and quadrupole magnets (DQ), 16 quadrupole magnets (2-QF1, 4-QF4, 2-QF6, 2-QF8, 6-QD) and 6 multifunction sextupole magnets (2-SF, 2-SD1, 2-SD2) [1, 2].
This work presents the design and construction of a sextupole magnet prototype. The magnet prototype has a sextupole gradient of 2,030 T/m2, a skew-quadrupole gradient of
0.72 T/m and horizontal and vertical corrector fields of
0.057 T. The pole radius is 24 mm and the magnetic core
is made of low-carbon solid steel. Furthermore, all of the
dimensions and tolerances of the magnet prototype are defined in the specifications.

corrector coil (VC) and horizontal corrector coil (HC).
Magnet coils at the centre poles are 20 turns of SC, 60 turns
of HC and 18 turns of SQ. Magnet coils at the other poles
are 20 turns of SC, 60 turns of VC, 30 turns of HC and 9
turns of SQ.
Table 1: Specifications of the SD1 Prototype
Parameter
Sextupole gradient
Effective length
Physical length
Pole radius
Pole end chamfer
Hor. Beam stay clear
Ver. Beam stay clear
Good field region
Field homogeneity
Excitation current
Number of turns per pole
Conductor dimension
Cooling hole diameter
Number of cooling channels
Coolant water flow
Temperature rise
Pressure drop
Skew-quadrupole gradient
Horizontal corrector field
Vertical corrector field
Conductor dimension for SQ,
VC and HC

Value
2,030
140
124
24
2.8
±14.2
±7
±15
1×10-3
215
20
7.5×7.5
4
6
1.52
1.96
0.18
0.72
0.057
0.057
3×4

Unit
T/m2
mm
mm
mm
mm
mm
mm
mm
A
mm2
mm
l/min

C
MPa
T/m
T
T
mm2

MAGNET DESIGN
Sextupole magnets (SMs) for the SPS-II project is designed to correct chromaticity of the electron beam. The
first prototype of SMs is defocusing sextupole magnet
(SD1) with specifications and important parameters summarized in Table 1. The magnet will also have additional
skew-quadrupole and corrector windings on the same pole,
as illustrated in Fig. 1, for coupling correction and beam
steering. Magnet coils are designed such that they can be
inserted and fit in the space available. The coils consist of
sextupole coil (SC), skew-quadrupole coil (SQ), vertical
___________________________________________
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Figure 1: Schematic drawing of the SD1 prototype.
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BEAM INSTABILITY INDUCED BY RF SYSTEM
OF AN FEL-THZ SOURCE
X.D. Tu†, T.N. Hu, S.J. He, S.Y. Lu, J. Jiang, Y.Q. Xiong, G.Y. Feng
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, School of Electrical and Electronic Engineering
Huazhong University of Science and Technology(HUST), Wuhan 430072 China

Abstract
An SLAC-like Compact Linac installed on the HUST
FEL-THz has been used as an injector to produce high
power THz radiation. To meet the requirements of monochromaticity and repeatability for FEL, performance of
electron beam and stability of RF system are notable. According to the existing facility, based on measurement results of RF jitter, instability of beam has been calculated,
and it has been verified in relevant experiments. Furthermore, stability targets in RF system has been proposed in
this paper.

INTRODUCTION

Free-Electron-Laser(FEL) sources driven by relativistic
electron beam can produce coherent THz radiation with
high power and tunable wavelength. A THz-FEL source
has been constructed in Huazhong University of Science
and Technology, and under commissioning at present, corresponding parameters are listed in Table 1[1-3].
Table 1: Parameters of THz-FEL Source

Parameter
Value
Beam energy
8~14MeV
Micro-bunch charge
≥200pC
Micro-bunch length
≤10ps
RF frequency
2856MHz
Radiation frequency
3~10THz
Micro-pulse radiation power
3MW
Figure 1 shows the simplified structure of THz-FEL
source. In existing RF system, a klystron is operating in
saturation region. Power from the klystron is fed into two
Independently Tunable Cells (ITC) and a travailing wave
linac through waveguides and two power splitters.

Figure 1: Simplified diagram of THz-FEL source.
___________________________________________

In this paper, the jitters of RF power and beam energy
have been measured. Besides, effects of RF system on
beam performance has been taken into account theoretically. Furthermore, based on the requirement of electron
beam, stability targets in RF system has been proposed as
well.

CALCULATION OF STABILITY FOR
RF SYSTEM
In acceleration of electron, the amplitude and phase of
RF power lead to increases of electron energy according to:

 d eE ( z ) cos 
 dz 
m0c 2

 d 2π 1 1
 dz   (    )



 E ( z )  2 ( z ) Z s ( z ) P ( z )
 dP
 2 P  I b E ( z )

 dz
D

 c
3f

(1)

(2)

where γ is the relative energy of electron, the energy of incident electron from ITC is 2.6MeV, Ε is the electric field
for acceleration, φ is the RF phase where electron locates,
λ is the wave length of the RF, α is the attenuation coefficient, Ζ is the shunt impedance, P is the amplitude of RF
power, 𝐼 is the beam current, the length of a cell
D=34.9898mm, 𝑓 is the operating frequency, and c is the
velocity of light.
In the design of the HUST-FEL, the requirements of
beam instability are shown in Table 2 partly. In usual experiments, we mainly use the beam with the energy of
10MeV and 13MeV [4].
Table 2: Requirements of Beam Instability
Parameter
Value
Beam energy
10/13MeV
Beam current
0.57A
Energy spread
0.13%
Energy jitter
0.17%
According to the Eq.(1) and Eq.(2), beam energy and relative phase at the exit of linac can be calculated based on
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NOVEL TECHNIQUE ION ASSISTED IN-SITU COATING OF LONG,
SMALL DIAMETER, ACCELERATOR BEAM PIPES WITH COMPACTED
THICK CRYSTALLINE COPPER FILM*
A.I. Hershcovitch†, M. Blaskiewicz, J.M. Brennan, W. Fischer, G. McIntyre, and S. Verdú-Andrés
Brookhaven National Laboratory, Upton, New York 11973, USA
A. Custer, M. Erickson and H. J. Poole, PVI, Oxnard, California 93031, USA
Abstract
To alleviate the problems of unacceptable ohmic heating, a magnetron mole with a 50 cm long cathode was designed, fabricated and successfully operated to copper coat
a whole assembly containing a full-size, stainless steel,
cold bore, RHIC magnet tubing connected to two types of
RHIC bellows, to which two additional pipes made of
RHIC tubing were connected. To increase cathode lifetime,
movable magnet package was developed, and thickest possible cathode was made. The magnetron is mounted on a
carriage with spring loaded wheels that successfully
crossed bellows and adjusted for variations in vacuum tube
diameter, while keeping the magnetron centered. An umbilical cabling system, which is enclosed in a flexible
braided metal sleeve, is driven by a motorized spool and
utilized to feed electrical power and cooling water. Although great progress was made with in-situ copper coating,
by magnetron sputtering, to address the high room temperature resistivity, literature indicates that conventionally deposited thick copper films do not retain the same RF conductivity at cryogenic temperatures, since straightforward
deposition tends to result in films with columnar structure
and other lattice defects, which cause significant conductivity degradation at cryogenic temperatures. We utilize
energetic ions for Ion Assisted Deposition (IAD) to reduce
lattice imperfections, for coating. A IAD system for in-situ
coating long small diameter tubes with compacted crystalline structure thick copper films has been developed. Moreover, development of techniques and devices can resurrect
IAD for other applications, which have been impractical
and/or not viable economically. Comparison of conductivity at cryogenic temperatures between straight magnetron
physical vapor deposition and IAD may be presented.

INTRODUCTION
High wall resistivity in accelerators can result in unacceptable levels of ohmic heating or to resistive wall induced beam instabilities [1]. This is a concern for the RHIC
machine, as its vacuum chamber in the cold arcs is made
from relatively high resistivity 316LN stainless steel. This
effect can be greatly reduced by coating the accelerator
vacuum chamber with Oxygen-Free High Conductivity
copper (OFHC), which has conductivity that is three orders
_________________________________________

* Work supported under Contract No. DE-AC02-98CH1-886 with the US
Department of Energy.
† hershcovitch@bnl.gov

MC7: Accelerator Technology
T31 Subsystems, Technology and Components, Other

[2, 3] of magnitude larger than 316LN stainless steel at 4
K. Previously, it was demonstrated [4] that deposition of
even 5 µm of copper on RHIC tubing can result in room
temperature conductivity, which is very close to solid copper. RF resistivity measurements [5, 6] were performed on
32 cm long RHIC stainless steel tubes coated with 2 µm, 5
µm, and 10 µm, thick OFHC with a folded quarter wave
resonator structure. Q values were measured for eight resonant modes in the range of 180 MHz to 2 GHz, from
which conductivity values were deduced. Those measurements [5, 6] indicated that for the later 2 coatings conductivity was about 5 x 107 Siemens/meter or about 84% of
pure copper. Since joints and connectors reduce the experimentally measured Q, the conductivity value of coatings
may be even closer to pure solid copper. Additional details
can be found in references 5 and 6. Computations indicate
[7] that 10 µm of copper should be acceptable for even the
most extreme future scenarios.
However, low temperature Physical Vapor Deposition
(PVD) of copper on stainless steel tubes does not have the
same conductivity as copper tubing at cryogenic temperatures. The reason is that straightforward deposition of thick
films tends to result in coatings with lattice defects and impurities, which at cryogenic temperature severely degrades
conductivity. Even though it is covered in a number of
books [8-12] at low temperatures, electrical conductivity is
strongly affected by lattice imperfections and by impurities, clear evidence for this is not found is research papers.
Understanding of these phenomena is based on the following: in the case of room temperature copper, conductivity
is dominated by conduction band electrons, while at cryogenic temperatures, lattice defects and impurities result in
large conductivity reduction. Physically, electrons are scattered off lattice defects, small grains and impurities, causing significant conductivity degradation. Straightforward
deposition of thick films [13] tends to result in coatings
with lattice defects and impurities, since it is well-known
that columnar and other microstructures [14] are often observed in conventional, low temperature physical vapor
deposition of thick films.

RECENT PVD RESULTS
Before embarking on experimenting with the 50 cm-long
cathode magnetron a 15 cm-long copper cathode IAD magnetron, without the extractor, was installed on the old mole,
which used to house the magnetron with the 50 cm-long
cathode. Due to the differences in geometry the “optimized” Paschen curve discharge conditions, arcing to nonTHPTS080
4301

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

10th Int. Partile Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPTS081

NOVEL APPARATUS AND TECHNIQUE FOR MEASURING RR
RESISTIVITY OF TUBE COATINGS AT CRYOGENIC TEMPERATURES*
A.I. Hershcovitch†, J.M. Brennan, S. Verdú-Andrés, Y. Than and Q. Wu
Brookhaven National Laboratory, Upton, New York 11973, USA
A. Custer, M. Erickson and H. J. Poole, PVI, Oxnard, California 93031, USA
Abstract
A unique apparatus for measuring RF resistivity of tubes
and coated tubes at cryogenic temperatures is operational
at BNL, which to our knowledge is the first of its kind. A
folded quarter wave resonator structure of 300 mm length
accesses a wide range of frequencies. The structure is
cooled in liquid He bath at 4 K. All internal resonator components (except for test samples and antennae) were fabricated out of superconducting materials. Consequently,
when the resonator is cooled, the bulk of the losses are due
to the copper coating. The RF resistivity is determined
from weakly-coupled Q measurements, since for a fixed
geometry the quality factor of a resonant mode is proportional to the RF surface resistance. The RF input loop and
the output signal antenna are adjustable when cold via bellows to control matching to each cavity mode. The Q values of 10 resonant modes between 180 and 2500 MHz are
deduced from the bandwidth of the S21 response Network
Analyzer measurements. CST MicroWave Studio is used
to calculate the RF surface resistance of the samples from
the Q measured for each mode. Additionally, DC resistivity
of the copper coated was measured. Resistivity results of
solid Cu tube, 2, 5, and 10 µm Cu coated 316LN stainless
steel RHIC beam tubes at room temperature as well as at
cryogenic temperatures are presented.

INTRODUCTION
High wall resistivity in accelerators can result in unacceptable levels of ohmic heating or to resistive wall induced beam instabilities [1]. This is a concern for the Relativistic Heavy Ion Collider (RHIC) machine, and even a
larger concern future RHIC upgrades including the electron ion collider eRHIC as its vacuum chamber in the cold
arcs is made from relatively high resistivity 316LN stainless steel. This effect can be greatly reduced by coating the
accelerator vacuum chamber with Oxygen-Free High Conductivity (OFHC) copper, which conductivity is three orders [2,3] of magnitude larger than 316LN stainless steel at
4 K. Previously, it was demonstrated [4] that deposition of
even 5 µm of copper on RHIC tubing can result in room
temperature conductivity, which is very close to solid copper. Room-temperature RF resistivity measurements [5, 6]
were performed on 32 cm long RHIC stainless steel tubes
coated with 2 µm, 5 µm, and 10 µm, thick OFHC with a
_________________________________________
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folded quarter wave resonator structure. Q values were
measured for eight resonant modes in the range of 180
MHz to 2 GHz, from which conductivity was deduced.
Those measurements [5, 6] indicated that for the later 2
coatings conductivity was about 5 x 107 Siemens/meter or
about 84% of pure copper. Since joints and connectors reduce the experimentally measured Q, the conductivity
value of coatings may be even closer to pure solid copper.
Additional details can be found in Ref. [5, 6]. Computations indicate [7] that 10 µm of copper should be acceptable
for even the most extreme future scenarios.
However, low temperature Physical Vapor Deposition
(PVD) of copper on stainless steel tubes does not have the
same conductivity as copper tubing at cryogenic temperatures. The reason is that straightforward deposition of thick
films tends to result in coatings with lattice defects and impurities, which at cryogenic temperature severely degrades
conductivity. Even though this is covered in a number of
books [8-12], clear evidence is not found in research papers. Understanding of these phenomena is based on the
following: in the case of room temperature copper, conductivity is dominated by conduction band electrons, while at
cryogenic temperatures, lattice defects and impurities result in large conductivity reduction. Physically, electrons
are scattered off lattice defects, small grains and impurities,
causing significant conductivity degradation. Straightforward deposition of thick films [13] tends to result in coatings with lattice defects and impurities, and columnar crystal and other microstructures [14] are often observed in
conventional, low temperature physical vapor deposition
of thick films.
Since RHIC and its future upgrades including eRHIC
have large sections that operate at cryogenic temperatures,
any copper coating has to have crystalline structure and
must be free of impurities. Additionally, the coating RF
surface resistance must be measured at cryogenic temperature. Consequently, two R&D programs are being pursued.
To reduce coating lattice imperfections, we utilize energetic ions for Ion Assisted Deposition (IAD).
In parallel, a device for measuring the RF surface resistance of copper coated stainless-steel tubes at cryogenic
temperatures was developed. The technique is based on Q
measurements, from which the RF surface resistance for
selected modes is to be determined, since for a fixed geometry the quality factor of a resonant cavity is proportional
to the inverse of the real part of the surface impedance. Although variations on that technique can have multiple applications, the focus of this effort is to develop a device and
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MAGNET DESIGN OPTIMIZATION FOR
FUTURE HARDON COLLIDERS*
V. V. Kashikhin†, V. Lombardo, G. Velev, Fermi National Accelerator Laboratory, Batavia, IL USA
Abstract
Fermilab in collaboration with other members of the
US Magnet Development Program (MDP) is working on
the development of accelerator magnets for future hadron
colliders. A 4-layer, 15-T dipole with 60 mm aperture
based on Nb3Sn Low Temperature Superconductor (LTS)
has been fabricated and tested. It is an important milestone of demonstrating readiness of the LTS magnet technology for the next generation of hadron colliders. At the
same time, design studies aimed at boosting the magnet
performance even further with the help of High Temperature Superconductors (HTS) are under way. This paper
introduces a novel magnet technology - Conductor On
Molded Barrel (COMB) optimized for the HTS materials
and discusses possible steps towards its demonstration.

INTRODUCTION
There is a continued trend of increasing the magnetic
field strength in the main bending and focusing magnets
of circular colliders, including SPS, Tevatron, HERA,
RHIC, and LHC [1]. While the machines also historically
grew up in circumference, increasing the magnetic field
strength remained a crucial way towards reaching higher
beam energies. It is expected that the energy upgrade of
the LHC to 25 TeV (HE-LHC) and the 100 TeV Future
Circular Collider (FCC-hh) will need the nominal dipole
field strength of 16 T, which requires the peak coil field
of ~18 T to provide sufficient operating margins [2]-[3].
To demonstrate the feasibility of high field dipole magnets with accelerator field quality, Fermilab is engaged in
an extensive magnet R&D [4] in collaboration with other
members of the U.S. Magnet Development Program
(MDP). The state of the art Nb3Sn cables being developed
[5]-[6] will allow to improve the magnet performance and
to reduce the cost. An essential part of the program is the
15 T Nb3Sn dipole demonstrator based on a 4-layer graded cos-theta coil with 60 mm single aperture and a
~600 mm diameter cold iron yoke [7]-[8].
In parallel, the magnet design studies are being conducted to explore the limits of the Nb3Sn accelerator
magnet technology while pushing the nominal bore field
over 16 T [9]. A preliminary analysis [10] indicated that
such a goal can be achieved with the help of an internal
Stress Management (SM), which can potentially enable
the 16-18 T field range for the Nb3Sn magnets.
There is also an interest in increasing the nominal dipole field beyond 20 T [1] to reduce the machine circumference or to reach higher energy in existing tunnels. Such
magnets can benefit from the high critical fields attainable
in the HTS materials but will require an extensive R&D
___________________________________________
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in the conductor development as well as unconventional
magnet design approaches.
As a step in that direction, Fermilab is performing studies of the possible HTS coil designs and support structures, which can be tested as inserts in the available
Nb3Sn magnets to demonstrate their viability for boosting
the magnetic field in accelerator magnets. This paper
reports the results of these studies and compares several
options for the HTS coil development.

HTS CONDUCTORS
Presently, RE-Ba2Cu3O7−δ coated conductors (REBCO) and Bi2Sr2CaCu2Ox (Bi-2212), are among the most
promising HTS materials available in long lengths that
have demonstrated engineering current densities (Je) of
interest to high field magnets beyond Nb3Sn.
REBCO is a highly anisotropic superconductor that is
currently only available in tape form and does not require
any heat treatment [11]. In addition, because the careful
material selection for the deposition substrate (Stainless
Steel or Hastelloy), REBCO tapes show remarkable mechanical properties [12]. However, due to the conductor
geometry, cabling techniques developed for Low Temperature Superconducting (LTS) materials cannot be directly
applied to REBCO conductors.
Several novel approaches to REBCO-based cables are
being demonstrated, including Twisted Stack Tapes (TST)
[13], Roebel [14] and Conductor on Round Core
(CORC®) [15]. Of benefit to CORC® cables are the efforts toward reduction of the substrate thickness, with the
recently demonstrated value of 30 µm [16] and a room for
further improvement. The thinner substrates will allow
smaller Cu formers in CORC® cables, resulting in higher
Je, additional cable flexibility and current density retention at smaller bending radii.
Bi-2212, on the other hand, is produced as a multifilamentary round wire, which is a big advantage over REBCO, as it allows for the manufacturing of widely used
Rutherford type cables. However, reaching the state of the
art Je requires an overpressure, high temperature reaction
in the oxygen environment with a temperature window of
a few degrees [17], which creates additional constraints in
the magnet fabrication process. While the magnetization
is easily controllable due to the multifilamentary nature of
the conductor, from a mechanical viewpoint, given its
brittle ceramic composition in a soft Ag alloy matrix,
Bi-2212 is considerably less forgiving than REBCO [18].
Each HTS conductor comes with its own unique set of
strengths and weaknesses which makes the choice between the them far from obvious. The present studies
focus mainly on the application of REBCO CORC® cables to the magnet design, but considerations for both
conductors are included throughout the text.
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DESIGN OF A CCD-BASED LASER ALIGNMENT DETECTION SYSTEM*
J. X. Chen1,2, H. T. Zhang, X.Y.He#, W. Wang#, National Synchrotron Radiation Laboratory,
University of Science and Technology of China，Hefei，230029, China
1
also at Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China
2
also at Dongguan Neutron Science Center, 523808 Dongguan,China
Abstract
Accelerator online alignment technology is an important
means for accelerator stability detecting. A CCD-based laser alignment detection system is designed for the linear
accelerator, and the detection distance of the system could
reach 100m. The reference comparison method is used to
detect the laser imaging position acquired by the reference
detector at different times, and to obtain the relative positional deviation of the measurement reference or the tested
objects. Through the measurement error analysis, the precision of the system is expected to reach ±10μm.

INTRODUCTION
Accelerator online alignment technology is an important
means for accelerator stability detecting. The long distance
laser alignment technology has been used in several accelerators to monitor the displacement of units in linac. Fresnel zone plate is first used in the laser alignment system, in
which the annular zone plate focusing the laser on one
point, and the laser offset can be measured according to the
principle of light wave interference when the measured object position changed. SLAC, America, first used the laser
alignment technology in its 2 miles linear accelerator, and
the alignment precision can measure up to ±100μm. The
Poisson spot laser alignment system, is used in the European X-ray Free Electron Laser, and its alignment precision
measures up between ±100μm and ±200μm, and that in
SKEKB 500m-long laser-based alignment system
achieved ±40μm[1,2]. Due to the long transmission distance and good linearity of the laser beam, it can be used
as a reference for particle accelerator mounting alignment
[3]. But in long distance detection, the laser spot will
spread out which will effect on the detection precision.
This paper shares a new design of the laser alignment system based on the CCD detector, which detection distance
is expected to reach 100m, and the measurement precision
is expected to ±10μm.

THE LASER ALIGNMENT DETECTION
SYSTEM (LADS) BASED ON CCD DETECTOR
The laser alignment detection system (LADS) mainly
consists of a laser generator and laser beam control system,
an optical path transmission passageway, two reference
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CCD detectors, three measuring CCD detectors, a data processing system, as shown in Figure 1.
The laser generator generates the laser, which is required
a high power stability and mode stability, light intensity
fluctuation is less than 5% and the mode change is also less
than 5%. The optical controller is used to control the position of the light path, exit position and exit angle of the
laser beam and expand the laser beam at the same time. The
optical path transmission passageway is maintained in a
vacuum environment to reduce the laser power attenuation
and light intensity distribution changed[4], and the passageway should be covered with black paint of acrylic resin
to avoid the reflected light obstructing the measurement.
Two reference CCD detectors are installed at the beginning
and end of the system, used to detect the laser reference
position. Three measuring CCD detectors are installed on
the tested objects, and each detector consists with one laser
compressing system, one CCD imager, moving component
with position feedback system. The number of the detectors can vary depending on the number of the tested objects. The laser needs to be compressed by the laser compressing system after a long distance propagation, which is
relatively fixed with the CCD imager. The moving component drives the laser compressing system and CCD imager
to the working position when the measurement is needed,
otherwise the component drives them in the position which
do not block the laser path. The position is feed back by the
position feedback system with the 2μm precision. The data
processing system and light intensity distribution data processing system are used to collect all the data and calculate
the CCD imaging position.
The LADS working process can be described as follow.
Two positioning benchmark must be selected in the two
sides of the section that will be measured, 40 meters away,
and install the two reference CCD detectors on them. The
laser beam is generated by a He-Ne laser generator, which
is emitted through the beam expander system and the control beam path. Correct and keep the laser beam stable imaging in the two reference CCD detectors and it can be used
as a baseline to detect changes in the position of the tested
objects. The three measuring CCD detectors are evenly distributed on the optical path on the measured reference or
tested objects, with interval of 10m. The measuring CCD
detectors need to be calibrated one by one. The one when
finished calibration is driven away from the laser beam, including the first reference detector. All the first calibrated
positions are used as the reference position for future measurements. The correlation image algorithm can be used to
calculate the positional deviation of the laser on the measuring detector, and then the position deviations between the
THPTS086
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MICRO-ALIGNED SOLENOID FOR MAGNETIZED BUNCHED-BEAM
ELECTRON COOLING OF 100 GeV/u IONS*
P.M. McIntyre†, J. Gerity, Texas A&M University, College Station, TX, USA
J. Breitschopf, J. Kellams, A. Sattarov1, Accelerator Technology Corp., College Station, TX, USA

Abstract
Magnetized electron cooling of ion beams requires precise alignment of the electron beam with the equilibrium
trajectory of the ion bunch. For the parameters required for
JLEIC, a solenoid with bore field ~1 T, length ~30 m, and
rms alignment of ~rad is required. Such precise alignment
has never been accomplished in a 1 T solenoid.
The design of a micro-aligned solenoid is presented. A
gap-separated stack of thin steel washers is located inside
the solenoid. The washer stack shields transverse magnetic
fields from its interior by a factor of ~10. A 30-washer
module of the structure was built and measured using ultrasensitive capacitive probes using a coordinate measuring
machine. The r.m.s. coplanarity of the washer gaps was
measured to be <5 m, consistent with the required microalignment.

INTRODUCTION

Electron cooling of ion beams is used to reduce the emittance of an ion bunch and even to stack multiple bunches
into a single volume of phase space [1]. It has been used
to dramatically enhance the accumulation of antiproton
bunches for 𝑝̅ 𝑝 colliding beams and to prepare ions for
deceleration and capture in ion traps. The highest ion energy at which electron cooling has been accomplished to
date was its use at Fermilab to cool a d.c. beam of 𝑝̅ s at 8
GeV energy in the Recycler Ring [2].
The JLab Electron-Ion Collider (JLEIC) is proposed to
collide spin-polarized beams of electrons and ions at high
energy (100-200 GeV/u) and high luminosity [3]. Sustaining high luminosity requires the use of bunched-beam electron cooling to control emittance growth in the circulating
ion beam. The electron cooling requires that a bunched
electron beam be coalesced with the ion bunches so that
they travel with the same vector velocity through a long
straight section in the collider ring. The electron beam
must be confined by a ~1 T solenoidal magnetic field, so
that each electron of the cooling beam is confined to move
on a tiny-radius spiral around a field line (Figure 1a) and
cannot recoil transversely when it scatters from an ion.
The design of the bunched-beam electron cooling is
summarized in Ref. 4 and illustrated in Figure 2. It requires
four 15 m long solenoid cooling channels, each with guide
field ~1 T. The cooling process requires extremely tight
alignment of the magnetic field lines with the ion beam
axis, with a tolerance that is less than the angular spread
within the ion beam. The target invariant emittance in the
ion bunches with bunched-beam e-cooling in JLEIC [4] is
____________________________________________
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Figure 1: Schematic effect of magnetic field alignment on
magnetized cooling: a) close alignment of 𝐵⃗ with ion
beam; b) 𝐵⃗ misaligned so the spiraling electrons heat rather than cool the ion beam.
𝜀
1.2 m𝜀
0.6 m. The focal optics for the ions
entering each solenoid channel has a betatron function  ~
100 m. At the design proton energy T = 100 GeV of the
collider, the protons have a relativistic 𝛾 𝑇 𝑚 106.
The r.m.s. angular spread in the ion beam is
𝜗

10 𝑟𝑎𝑑.

(1)

As an ion passes close to a particular electron, it Coulomb-scatters from the electron, imparts a small fraction of
its momentum, and incrementally cools. The electron is
constrained to spiral around a field line with a tiny Larmor
radius
𝜌
~3 𝜇𝑚
(2)
and so it cannot recoil freely in the transverse direction. It
thus scatters repeatedly from the ion on successive spirals
and longitudinal cooling is coherently enhanced. If the solenoidal field were perfectly aligned to the ion beam direction 𝐵⃗ 𝑠
𝐵 𝑧̂ , then the coherent enhancement Ns is the
number of spirals for which the impact parameter remains
within the Larmor radius:
𝑁
1
~10
(3)
∥

The enhancement thus arises because the intrinsically
flat rest-frame velocity distribution of the electron beam,
which for parameters appropriate for one example application in JLEIC [5] is shown in Figure 3. Note that the restframe transverse velocities of the electrons and ions are

Figure 2: Configuration for bunched-beam electron cooling of ion bunches in JLEIC.
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CBETA PERMANENT MAGNET PRODUCTION RUN
S. Brooks∗ , G. Mahler, J. Tuozzolo, R. Michnoff
Brookhaven National Laboratory, Upton, Long Island, New York

Abstract

214 neodymium permanent magnets have been manufactured for the return loop of the CBETA [1] multi-turn
ERL being built at Cornell University. There are 5 types of
quadrupole and combined-function gradient magnets using
a variant of the circular Halbach design. These are made
out of NdFeB material and glued into an aluminium housing
with water channels for temperature stabilisation. The NdFeB wedges and magnet construction were done by outside
companies, while the final “tuning” using inserts containing
64 iron wires per magnet was done at BNL over a period of
about 6 months. Average relative field errors of 2.3×10−4
were achieved on the beam region. The magnet strengths
vary by type but are of order 10 T/m for quadrupole component and up to 0.3 T for the dipole. This paper reports
on the field quality and timeline achieved in this production
process.

MAGNET TYPES AND QUANTITIES

The different magnet types required for the CBETA fixedfield return loop are specified in Table 1.
The BDH and QFH magnets are half-length versions of
BD and QF, used once each at the ends of the accelerator
for better matching. That leaves five distinct magnet crosssections as shown in Fig. 1.

PRODUCTION METHOD
Each full-length magnet contains 32 permanent magnet
wedges: two layers of the designs shown in Fig. 1. The
BD-types require 16 distinct types of wedge when magnetisation angles are also considered, whereas the Q-type magnets
can be built from four types of wedge, some inserted backwards. In total there are 56 different wedge types and 7648
wedges (including spares), which were ordered from Allstar
Magnetics [2] and produced in China. RMS magnetisation
accuracies of 1% strength and 1◦ angle were achieved for
most wedges, with larger angle tolerances allowed for the
smallest two BD-type wedges, which are more difficult to
manufacture and contribute less to the total field. Quality
control was achieved with the testing process in Fig. 3.

Figure 3: Production and testing flow.

Figure 1: Permanent magnet cross-sections with 1 cm grid.
Q-type magnets are quadrupoles, while BD-type include
both bending and a horizontally-defocussing gradient. The
sequence BD, BDT2, BDT1, QD gradually decreases the
bending component to zero to allow the adiabatic transition
from curved arc to straight as shown in Fig. 2.
The transitional magnets have larger aperture so that further intermediate values of the dipole, on a continuous range,
may be obtained by displacing them horizontally.
∗

Figure 2: The fixed-field return loop for the CBETA ERL.
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Manufacture of the aluminium frames and gluing the magnet wedges into them was done by KYMA [3], who had
previous experience with making undulator magnets and the
strong forces between permanent magnet blocks. Wedges
had to be positioned within ±0.25 mm to ensure field quality and this was achieved. Field strength could be re-tuned
during production by changing the thickness of brass shims
inserted between the wedges, which was done successfully
for the QD magnets. The frames were made in left-right
halves with pins to accurately align them with each other
when assembled onto the vacuum chamber. Threaded rods
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INJECTION LOCKED 1497 MHZ MAGNETRON*
M.L. Neubauer†, A. Dudas, M.A. Cummings, R.P. Johnson, S.A. Kahn, M. Popovic, G. Kazakevitch,
Muons, Inc., [60510] Batavia, IL., USA
H. Wang, R.A. Rimmer, JLAB, [23606] Newport News, VA, Country

Abstract
Muons, Inc is building an amplitude modulated phaselocked magnetron to replace the klystrons in CEBAF. To
do that requires changing the magnetic field at a rate that
would induce eddy currents in the standard magnetron.
We report on the status of the project to make a stainless
steel anode with copper elements to minimize heating
while the stainless steel reduces eddy current effects. The
construction of the magnetron is two months from completion, while the test stand is ready for delivery of the
magnetron.

diffusion of the plating into the stainless steel as shown in
Figure 2.

INTRODUCTION

Muons, Inc is building a 13 kW 1497 MHz magnetron
to replace the klystron in the CEBAF machine. The anode
voltage of the magnetron and the beam voltage of the
klystron are identical at 14kV. With the efficiency of the
magnetron near 80% the anode current of the magnetron
is expected to be about 1.16 amps compared to the klystron, which needs 1.76 amps. The filament power of the
klystron is about 30 watts, while the filament power for
the magnetron will be about 100 watts. With injection
locking the magnetron will operate at around 20 db of
gain compared to the klystron which operates at about 35
db of gain. It may be possible to improve the gain, but
that depends on the prototype testing which will begin in
approximately two months.
Modulation of the output power of the magnetron will
be accomplished by changing the magnetic field in a trim
coil that is approximately 10-20% of the operating magnetic field. This would produce eddy currents if the anode
were made from copper but in this Phase II program; the
anode is made from 314 Stainless Steel. The manufacturing process of explosion bonding copper onto the inside
diameter of the stainless steel cylinder was accomplish
and reported earlier [1]. A picture of the stainless steel
anode is shown on in Figures 1 and 2 at different steps in
the manufacturing processes.

Figure 1: Stainless steel anode EDM’d and machined.
Heatwave, Inc is welding the Cathode Stalk, which
contains the filament, in place. An example of these welds
is shown in Figure 3. These welds include several critical
steps in the assembly process: a) a nickel weld of the bot-

STATUS OF THE PROJECT

Build Status
Brazing the stainless steel anode with copper tips has
been completed. The anode is shown in Figure 1 before
brazing the straps and other elements. The copper was
explosion bonded onto the ID of a stainless steel cylinder,
electrical discharge machined, final machined and copper
plated. In Figure 2, the anode is shown having gone
through three brazing operations. There has been some

Figure 2: Copper plated stainless steel anode after three
brazing cycles.
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PHASE AND FREQUENCY LOCKED 350 MHZ MAGNETRON
M. Neubauer†, A. Dudas, R. Johnson, S. Kahn, G. Kazakevitch, M. Popovic, Muons, Inc, 60510 Batavia, IL., USA
Abstract
The 350 MHz magnetron is being developed for a number of RF systems, chiefly among them, Niowave’s 10
MeV accelerator. Industrial applications of the magnetron
have also been explored. The CW magnetron can be operated in the pulse mode by a novel injection locking system.
We report on the status of the program and progress to date.

INTRODUCTION
The 350 MHz magnetron is being built at Altair Technologies, Fremont, CA., under the supervision of Muons,
Inc. RF measurements to support the optimization of the
Qext are also made in the same location. The welding processes for the cathode stalk, primarily molybdenum-totungsten, molybdenum-to-iron and molybdenum-to-molybdenum are being done at Heatwave, Inc in Watsonville,
Ca. The anode and magnet are fabricated by Device Technologies, Yorkville, IL.

(a)

SUMMARY OF CALCULATIONS
The design of the magnetron was developed with the
support of consultants: Tony Wynn and Ron Lentz. Muons, Inc using the software CST and Comsol did calculations of thermal, mechanical, and RF performance.
The important issue in heating is the temperature of the
antenna. At 100 kW output that temperature was calculated to be 620-650K, as shown in Figure 1 (a). This is
about at the limits for a copper antenna and will require
careful monitoring during operation. A design was made
for water-cooling the antenna, but was not incorporated in
this prototype.
Just as important as the temperatures that will occur during the operation of the magnetron, is the thermal movement due to the expansion of parts in the cathode stalk. The
temperature of the filament drives this movement and at
2100C, about 1.2 mm is expected even with compensation
and must be designed around.
Calculations of Qext shown in Figure 1 (b) show the
range expected based upon where along the length of the
vane, the antenna legs are positioned. Qext is a measure of
the coupling between the magnetron anode and output.
These calculations will be verified during the measurement
process, which should get underway shortly. The prototype magnetron anode is constructed to allow for testing
these types of options for attaching the antenna as shown
in Figure 2.

(b)
Figure 1: a) Thermal calculations with 100 KW output, b)
Qext calculations as a function of location of the antenna
connections to the vanes.

MANUFACTURING STATUS
There are three major elements of the magnetron: anode,
antenna/window, and filaments.

Anode
The anode is completed and shown in Figure 2. The construction of the water jackets using formed and welded
OFHC copper cylinders presented some problems in manufacturing. Since they are not part of the vacuum envelope
they were easily fixed to hold the water pressure.

___________________________________________
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SYNCHROTRON RADIATION HEATING OF THE HELICAL
SUPERCONDUCTING UNDULATOR∗
J. Dooling† , R. Dejus, V. Sajaev, Argonne National Laboratory, Lemont, USA

Abstract

A helical superconducting undulator (HSCU) was installed in the Advanced Photon Source (APS) Storage Ring
(SR) during the January 2018 maintenance period. Shortly
after the reintroduction of beam into the SR in late January,
higher than expected heating was observed in the cryogenic
cooling system. Steering the electron beam orbit in the
upstream dipole reduced the amount of synchrotron radiation reaching into the HSCU and allowed the device to
properly cool and operate. Modeling the HSCU geometry
with MARS shows the importance of Compton Scattering in
transferring synchrotron photons with energies in the range
of 10-100 keV through the vacuum chamber into the HSCU
magnet pole and winding regions. Simulations carried out
using MARS with EGS5 enabled indicate a rapid increase
in transfer efficiency from the chamber wall to the HSCU
with photon energy. Realistic spectral distributions of synchrotron photons are employed as input to MARS for several
bending magnet field strengths.

INTRODUCTION

Planar superconducting undulators previously installed
at APS [1] have cold vacuum chambers with large horizontal gaps, which allow shielding the chamber from the
synchrotron radiation coming from the upstream dipole using radiation absorbers placed immediately in front of the
SCU chamber. Unlike planar SCUs, the helical superconducting undulator (HSCU) [2] has a small vacuum chamber
gap in horizontal plane that cannot be shielded from the radiation of the upstream dipole without further restricting the
already-small horizontal aperture. The expected heating of
the vacuum chamber due to synchrotron radiation from the
upstream bending magnet was calculated and tested with the
previously installed mock up chamber, based on which the
HSCU cooling system was designed to handle the expected
vacuum chamber heating. The HSCU was installed in Sector 7 of the APS Storage Ring (SR) during the January 2018
Maintenance period. After injecting the first electron beam,
an unexpected heating of the magnet coils was observed,
while the vacuum chamber temperature was at the expected
level [3]. Based on the helium temperature rise, the additional head deposition was estimated to be 1 W. The heating
was the same for different fill patterns, which ruled out resistive wall or wakefield effects and pointed to synchrotron
radiation [4].
∗

†

Work supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC0206CH11357.
jcdooling@anl.gov

Figure 1: Left: Orbit bump that generates positive orbit
angle at the exit of the dipole (one lattice sector is shown).
Right: Dipole field along the beam trajectory in the dipole
showing only the regions radiating into the HSCU chamber.
The left-most ends of the regions radiate onto the upstream
end of the chamber.

To reduce the amount of synchrotron radiation reaching
into the HSCU vacuum chamber, the beam orbit was steered
in the upstream bending magnet in order to generate positive
horizontal orbit angle at the exit of the dipole [5]. This allows
for more radiation from the end of the bending magnet to
be intercepted upstream of the HSCU. Figure 1 (left) shows
an orbit bump that provides a 0.5-mrad orbit angle at the
dipole exit while maintaining relatively small orbit, with the
disturbance confined to the downstream half of the lattice
sector. This orbit bump allowed to reduce the temperature of
the coils to the level compatible with the HSCU operation.
Synchrotron radiation can deposit power in the magnet
coils in two ways. First, the synchrotron radiation directly
strikes the vacuum chamber; the heat deposited in the chamber is then transferred to the magnet through thermal radiation. Second, the synchrotron radiation may pass through
the vacuum chamber and directly strike the magnet coils.
The latter seems to be less likely since the incident angle
of the radiation on the vacuum chamber is about 1.5 mrad,
which results in a ∼1-m path length through the 1.5-mmthick aluminum vacuum chamber.
To study the reason for the coil heating, a bump amplitude
scan was performed while recording the vacuum chamber
and magnet coil temperatures. Both vacuum chamber and
magnet coil temperatures showed clear dependence on the
bump amplitude. However, under some bump conditions,
the magnet temperature was changing while the vacuum
chamber temperature stayed constant. This observation
clearly showed that the magnet temperature did not depend
on the vacuum chamber temperature and allowed us to
rule out heat transmission from the vacuum chamber to
the magnet through thermal radiation as the source of the
unexpected magnet heating.
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HIGH GRADIENT QUADRUPOLES FOR
LOW EMITTANCE SYNCHROTRONS
S. Sharma1*, N. A. Mezentsev2, T. Shaftan1, V. Smaluk1, C. Spataro1, T. Tanabe1, G. Wang1
1
NSLS-II, Brookhaven National Laboratory, Upton, New York, 11973, USA
2
BINP, Siberian Branch of Russian Academy of Sciences 11, Acad., Novosibirsk, Russia

Abstract
A new lattice design has been proposed recently based
on a Complex-Bend concept [1,2] for low emittance synchrotrons. The dipoles of a standard DBA lattice are replaced in the Complex Bend by high-gradient (~ 450 T/m)
quadrupoles interleaved between discrete dipoles. In another version of the Complex Bend [3] the high gradient
quadrupoles are displaced transversely along the beam trajectory to generate the required dipole field. In the latter
version the quadrupole strength is reduced to ~ 250 T/m for
a lattice that will conform to the layout of the existing
NSLS-II 3-GeV storage ring. In this paper we present conceptual designs of a Halbach permanent-magnet (PM)
quadrupole, a hybrid PM quadrupole, and a superconducting quadrupole, that can produce the desired quadrupole
strengths for the Complex Bend application.

INTRODUCTION

A new concept for low-emittance synchrotrons has been
proposed recently in which the two dipoles of a traditional
double-bend achromat (DBA) are replaced by Complex
Bend I or II [1-3]. In Complex Bend I the required dipole
field is provided by discrete dipole magnets interleaved between focusing and defocusing quadrupoles. The dipole
field In Complex Bend II is generated by horizontal offsets
of the quadrupoles, thus obviating the need of discrete dipoles.
For the NSLS-II SR lattice upgrade the Complex Bend I
concept with 10 cells was presented in [1,2] to replace
DBA dipoles of ~ 3m arc length. It required quadrupoles
of very high gradient, 450 T/m, which could be obtained
only by a superconducting quadrupole with a beam aperture of 10 mm. In Complex Bend II, which allows for
longer quadrupoles in the same ~ 3 m arc length, the required gradient is reduced to 250 T/m [3]. The reduced
gradient makes it possible to use designs based on a Halbach PM quadrupole (Halbach PMQ [4,5]) or a hybrid PM
quadrupole (hybrid PMQ [6]). Conceptual magnetic designs of these two types of quadrupoles together with the
superconducting quadrupole are discussed in the following
sections.

QUADRUPOLE DESIGN CONCEPTS

Halbach PMQ
The cross section of a standard 16-wedge Halbach PMQ
is shown in the top figure of Table 1. The PM wedges and

*

their magnetization directions are listed in columns 2 and
3. This standard configuration is modified to allow for a
beam exit slot for the x-ray beams following the approach
presented in [5]. As shown in the bottom figure of Table 1,
wedge #13 is removed and a slot of the desired height is
created by machining wedges 12 and 14. This configuration is repeated on the left, top and bottom to maintain a 4fold symmetry required for good field harmonics. In the
proposed conceptual designs for Complex Bend II, the inner and outer radii, Ri and Ro, are 5 mm and 40 mm, respectively. The slot height is 3 to 5 mm at the inner radius
and length of the magnet is 280 mm.
Table 1: Halbach PMQ with Exit Slot
Wedge Phase
Cross Section
(Degree)
1
180
2
112.5
3
45.0
4
337.5
5
270.0
6
202.5
7
135.0
8
67.5
9
0.0
10
292.5
11
225.0
12
157.5
13
90.0
14
22.5
15
315.0
16
247.5
A 3-D Opera model of a standard 16-wedge Halbach
PMQ (without slots) yields a quadrupole gradient of 358
T/m with a built-in nonlinear material model of NdFeB. A
low remanent field, 1.12 T, used in the model is consistent
with NdFeB of higher radiation resistant. With 12-PM
wedges and slot heights of 3, 4 and 5 mm, the gradient reduces 254 T/m, 237 T/m and 215 T/m, respectively. The
gradient is calculated as on-axis integrated value divided
by the length of the magnet. Field harmonics calculated at
r = 2 mm per 104 units of B2 are shown in Table 2. The exit
slot results in a large B6 of -55.0, -75.1 and -83.8 units for
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HIGH EFFICIENCY, HIGH POWER, RESONANT CAVITY AMPLIFIER
FOR PIP-II*
M. P.J. Gaudreau, E. Johnson, D. Cope, N. Stuart, M. Kempkes, R. Simpson,
Diversified Technologies, Inc., Bedford, MA, USA
Abstract
Diversified Technologies, Inc. (DTI) is developing an
integrated resonant-cavity combined solid-state amplifier
for the Proton Improvement Plan-II (PIP-II) at Fermilab.
The prototype has demonstrated multiple-transistor combining with the following properties: 70 percent efficiency, 675 watts per transistor, 650 MHz, and virtually no
combining losses. The design simplifies solid-state transmitters to create straightforward scaling to high power
levels. A crucial innovation is the reliable “soft-failure”
mode of operation; a failure in one or more of the transistors has negligible performance impact. The design couples the transistor drains directly to the cavity without
first transforming to 50 ohms, avoiding the otherwisenecessary multitude of circulators, cables, and connectors.
The amplifier built by DTI under Phase I and II of this
Small Business Innovation Research (SBIR) effort has
demonstrated the following key attributes which differentiate it from other amplifiers:
x Graceful Degradation
x Simplicity of FET direct-coupling to cavity
x High efficiency through Class-E Type Operation
x Substantially reduced number of RF, electrical, and
cooling connectors.
DTI is upgrading the system with more transistors per
cavity module, in order to build a 200 kW-class transmitter, which will consist of up to four 50 kW cavity modules
and a central combiner.

INTRODUCTION
Achieving high power from solid-state amplifiers is only possible by combining the outputs of multiple transistors. Each UHF transistor is limited to relatively modest
power levels (less than 1000 watts CW), so hundreds to
thousands of devices must be combined to compete with
large conventional Vacuum Electron Devices, such as
klystrons. In contrast to phased array radars, where space
combining enables the contribution of thousands of individual, low power amplifiers to create a high power beam,
the RF power for accelerators must be available at a single coupler to drive the accelerator cavity. Efficiently
combining multiple transistors, while delivering high
reliability at an affordable cost, are the main challenges
for high power solid-state amplifiers (SSAs).
Binary combining (2N) is common at lower power, but
high total insertion losses rule it out for most accelerator
applications. DTI’s cavity combiner is a unique form of
the so-called N:1 combiner. The amplifier module combines the power of more than 96 transistors in one step.
While there are other types of N:1 combiners, they typically require high power RF connectors and water cooling
MC7: Accelerator Technology
T08 RF Power Sources

Figure 1: Conceptual layout of a high power solid-state
transmitter based on four DTI cavity amplifier modules
combined in a passive 4:1 cavity combiner. Power level
of this concept scales to at least 500 kW.
lines for each individual amplifier stage, leading to a level
of complexity which scales with output power and total
number of transistors. DTI’s approach avoids most of this
complexity, while the demonstrated graceful degradation
feature ensures high reliability.
In this approach, the cavity serves as both a power
combiner and also as an integral part of the transistor
output matching network. The low output impedance
transistors are not matched to an arbitrary 50 ohm impedance level; rather the coupling loop and associated transmission line (when operated in the cavity) operates at a
lower impedance level, presenting the optimum load
impedance at the drain of the devices. This configuration
is simple, has low losses and is responsible for the graceful degradation property.
DTI’s design is a radical simplification of high-power,
narrow band transistor-based amplifiers, and allows for
straightforward scaling to increased power levels (hundreds of kilowatts) at most accelerator frequencies.
In Phase II of this Small Business Innovation Research
(SBIR) grant, DTI is building and testing a 200 kilowattclass amplifier by combining up to four of the amplifier
modules with associated power supplies (Fig. 1). Under
our ongoing Phase II effort, DTI is upgrading the system
to accommodate over 96 600 W transistors in each cavity
module to achieve about 50 kW each.
In a related effort, DTI has extended this design from
650 MHz to 1.3 GHz with similar results and hardware
performance.
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FERMILAB SUPERCONDUCTING Nb3Sn HIGH FIELD MAGNET
R&D PROGRAM*
G. Velev†, G. Ambrosio, E. Barzi, V. V. Kashikhin, S. Krave, V. Lombardo, I. Novitski, S. Stoynev,
D. Turrioni, X. Xu, A. V. Zlobin (Fermilab, Batavia, Illinois)

Abstract
Magnets based on the modern Nb3Sn conductor are the
main candidates for future high-energy hadron colliders.
Fermilab as part of the U.S. MDP executes an extensive
R&D program on these high-field magnets. This program
includes basic conductor and material R&D, quench performance studies, and building a meter-long high-field demonstrator. This paper summarizes the current status of the
program including its recent results.

INTRODUCTION

Fermilab superconducting Nb3Sn high field magnet research and development (R&D) is an integral part of the
U.S. Magnet Development Program (MDP) [1]. The main
goal of this program is the development of advanced superconducting (SC) magnets, materials and baseline technologies for present and future particle accelerators. The nearterm program focuses on small- and large-aperture accelerator magnets based on the Nb3Sn superconductor with a
possible insert based on high temperature superconductors
(HTS) and associated technologies. These Nb3Sn magnets
are designed for operation fields up to 15-17 T. In the
longer term, the program will move toward development
of accelerator magnet technology at the limits of low temperature superconductor (LTS) and HTS materials. The ultimate goal is to design and test 20+ T hybrid dipoles. This
goal will continue to evolve and align with the priorities of
the future program.
The current program has four interconnected aspects:
conductor R&D, materials and technology R&D, Nb3Sn,
and HTS magnets. This paper will discuss only the Nb3Sn
aspect of the program as well as a new test facility needed
to perform high field magnet R&D. The HTS aspect is presented in a separate paper in this conference [2].

CONDUCTOR R&D

Fermilab’s conductor R&D effort is currently focused on
improving strand characteristics of Nb3Sn. In collaboration
with Ohio State University and Hyper Tech Research Incorporated, we have been developing wires with Artificial
Pinning Centers (APCs) [3]. This is a potentially novel
breakthrough technology in which the precursors of Nb3Sn
conductors are modified: the commonly used Nb is replaced by Nb-1%Zr, and oxide powder (SnO2) is added to
the Sn source of subelements to supply oxygen to the Nb1%Zr. Zirconium has a much stronger affinity for oxygen
___________________________________________
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Figure 1: Non-Cu Jc of APC wires, the current state-of-theart production wires for HL-LHC and FCC specifications
(from Ref. [3]).
than Nb and as a result during heat treatment the Zr atoms
are oxidized to form ZrO2 nanoparticles. These nanoparticles serve as grain refiners capable of reducing the Nb3Sn
grain size from 110–150 nm in present conductors to 35–
70 nm, which leads to improved pinning. The potential
gain in the critical current density (Jc) of Nb3Sn can be a
factor of 2–3 depending on whether the conductor is a binary or ternary APC conductor. Figure 1 shows the current
result [3] obtained on the prototype APC wires. The dashed
line represents the Jc specification for a Future Circular
Collider (FCC). One can conclude that APC wires meet or
exceed the conductor specifications for FCC at a field
above 16 T. The tested wires have 50% more critical current density as compared to the state-of-the-art Nb3Sn conductor currently produced, which is shown in the lower left
corner of Fig. 1. In the next several years, the main goal is
to optimize the internal wire geometry and material content, and to design a stable conductor (at low field) that can
be drawn in long batches.
The recent Nb3Sn magnet built in the U.S.A. and Europe
(CERN) [4, 5] showed that these magnets need a long training, about 20-30 quenches, to reach operational currents. A
primary reason for these quenches is the low specific heat
of the Nb3Sn superconductor at temperatures below 5 K.
Due to this low specific heat, a small heat perturbation can
cause a large temperature increase in Nb3Sn superconductors and a resulting magnet quench.
The next important modification to Nb3Sn has the potential to eliminate or decrease quench training of Nb3Sn magnets. Increasing the specific heat (C) of Nb3Sn wires can
be a promising way to suppress their instability and also
reduce magnet training. To achieve this effect, a high-C
material is added to Nb3Sn wires, replacing some Nb3Sn or
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MEASUREMENTS OF DECAY AND SNAPBACK IN Nb3Sn ACCELERATOR MAGNETS AT FERMILAB*
G. Velev†, G. Ambrosio, G. Chlachidze, J. DiMarco, S. Stoynev and T. Strauss, Fermilab, Batavia,
Illinois

Abstract
In recent years, Fermilab has been executing an intensive
R&D program on Nb3Sn accelerator magnets. This program has included dipole and quadrupole models and demonstrators for various programs and projects, including
the HL-LHC accelerator upgrade project. A systematic
study of the field decay and snapback during the injection
portion of a simulated accelerator cycle was executed at the
Fermilab Magnet Test Facility. This paper summarizes the
recent measurements of the MQXFS1 short quadrupole
model and discusses the results of some previously measured Nb3Sn magnets at CERN.

INTRODUCTION

In the late 1980’s, after the first several years of operation of the Tevatron collider, dynamic effects in the main
superconducting dipoles were observed. Since then the
control of these effects has become an important part of the
operation of any superconducting machine.
The most significant changes are observed in the allowed field components of the magnets, for example in the
normal sextupole (dodecapole) component of the main dipoles (quadrupoles). These changes are especially important during the time of beam injection, when the strong
variation of the sextupole field in the main dipoles can generate a significant growth in chromaticity. This change in
the sextupole typically presents itself as slow decay from
the hysteresis curve during injection dwell. In the next step,
when the magnet current is ramped to accelerate the beam,
a fast snapback of the sextupole component to the hysteresis curve is observed.
Since 2002, Fermilab has been executing an intensive
measurement program studying decay and snapback in superconducting accelerator magnets. This program includes
models and demonstrators in dipole and quadrupole configuration containing NbTi and Nb3Sn superconductors for
projects [1, 2] and programs [3, 4]. While the decay and
snapback in the NbTi magnets are well documented and
understood, the new results for Nb3Sn magnets are somehow showing a deviation from this experience [5-7]. For
example, recent CERN result on Nb3Sn magnets, measured
at 1.9 K, showed inverse decay during the injection dwell.
These results were obtained on the 11 T 2-m dipole models
(MBHSP and MBHDP) [8] and 1.2-m short quadrupole
models (MQXFS) intended for the high luminosity IR upgrade [9].
At the Fermilab Magnet Test Facility, we performed new
tests and reanalyzed some old data from the 11 T dipole
___________________________________________
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Figure 1: Typical current profile used in the measurements.
program. Unlike CERN, the results [10] show decay and
snapback following the same trend as NbTi. After comparing measurement programs, one of the differences found
between Fermilab’s and CERN’s measurements is the spatial length of the field harmonics integration. At Fermilab,
we measured only the harmonics in the body of the magnet,
while the CERN measurements were integrated over the
entire 1.5 m length of the magnet, including the body and
the ends.
This paper supplements the findings of previously published manuscripts on the topic of decay and snapback
measurements. It presents new measurements of the decay
and snapback in the MQXFS1 short quadrupole model
[11]. For this magnet we performed a longitudinal scan
specifically measuring the gradient and normal dodecapole
(b6) in the body and in the lead and return ends.

FIELD DEFINITION AND MEASUREMENT SYSTEM
A standard way to express the field in the magnet aperture is with the harmonic coefficients defined in a series
expansion
𝐵 + 𝐵 = 𝐵 ∙ 10

∙∑

(𝑏 + 𝑖𝑎 )

(1).

In equation (1), Bx and By are the field components in
Cartesian coordinates, bn and an are the 2n-pole normal and
skew coefficients at reference radius Rref , normalized by
the main field (Bi) and scaled by a factor of 104 in order to
report the harmonics in convenient “units.” The reference
radius Rref = 50 mm for these measurements was defined as
2/3 of the magnet aperture.
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RADIO FREQUENCY POWER STATIONS FOR ESS LINAC SPOKE
SECTION
C. Pasotti†, M. Cautero, T. N. Gucin, Elettra Sincrotrone Trieste, 34149 Basovizza, Italy
C. A. Martins, R. A. Yogi, European Spallation Source, 221 00 Lund, Sweden

Abstract

RFPS SPECIFICATION

26 equivalent 400 kW peak power Radio Frequency
Power Station (RFPS) units will be provided by Elettra as
part of the Italian In Kind (IK) contribution to European
Spallation Source ERIC (ESS). The RFPS will be installed
in the LINAC “Spoke Section”. Each machine will power
a single superconducting spoke cavity in pulsed operation
at 352.21 MHz. The RFPS is a complete system that operates unmanned, based on a combination of solid state and
tetrode amplification’s stages. The tender specification, the
RFPS main features and requested performances are reported here paper.

The RFPS will operate at a single frequency, 352.2 MHz,
3.5 ms pulse length, repetition rate 14 Hz and 5% of duty
cycle up to 400 kW peak power.
Main requirements on the output pulse envelope are
therefore the pulse droop, overshooting and following error
with respect to the ideal RF one. The maximum pulse
droop must be ≤ 0.25 dB. Any pulse overshooting and following error shall die out within 500 s, which is the maximum stabilization time for the pulse as shown in Fig. 1.

INTRODUCTION

Elettra owns the full technical and managerial charge for
delivering the 26 RFPS to ESS according to the IK contribution cooperation agreement among Elettra, ESS and
INFN [1].
The RFPS complexity and their number demand to outsource their manufacture to a private enterprise using the
tendering procedures in accordance with the public procurement Italian Law.
Key element of this procedure are the Tender specifications that include the RFPS technical specifications and
performances, the contract management and the Quality
Control and Assessment (QC/QA) rules. The contractual
links on the project phases, management and QC/QA are
largely identical to the lines and principles of the IK cooperation agreement. Tender specifications include also rules
and standards for any machine safety topic in compliance
with the European Union directives.
Elettra and ESS fully share on the Tender specifications.
The RFPS is specified with some innovative technical solutions for the modulator and the power supplies and a simple and quite established RF amplification chain. The
adopted technology is a good balance between off the shelf
and custom designed parts to contain costs with no detriment in performances and machine efficiency. Tender
specifications suggests also a cooperation between Contract and Customer to improve the design and the RFPS
features.
RFPS design, fabrication and commissioning shall meet:
 Stability of the output RF pulse.
 Reproducibility of the output pulse for the same input.
 Reliability for 24/7 operations.
 High efficiency minimizing the energy consumption.
Together with the RFPS security and safety assessment,
those are the starting points for a RFPS successful design.

Figure 1: Ideal RF output pulse (green line) and the most
likely RF output pulse (blue one).
Stability between pulses is mandatory. The maximum
amplitude and phase variation between following pulses
shall be within ± 0.5% and ± 0.5º respectively, measured at
the very same delay time with respect to the pulse trigger.
For the proton beam acceleration, the 352 MHz RF amplified output signal shall achieve a challenging spectral
purity: -23 dBc @ 100 kHz, -20 dBc @ 1 kHz and 18.2 dBc @ 300 Hz offset with respect to the carrier signal.
This goal is met if all the active components are carefully
designed and built for the impressed pulse operation.

RF Sources
After investigation and several tests on the available RF
power sources, the tetrode tube is the best available option
for performances, costs and overall machine simplification
[2]. The chosen model is the Thales TH 595 A and the RF
cavity TH18595A [3, 4]. The nominal output power is
210 kW peak at 352 MHz. Two tubes in parallel will
achieve the required 400 kW peak. A RF pre-driver delivers each tube up to 7 kW. A solid-state based amplifier can
easily achieved this power level nowadays but the RF predriver design shall take into account and mitigate the thermal cycle of the transistors. Moreover, the amplifier power
supplies shall withstand the pulsed operation output voltage regulation.

____________________________________________

† cristina.pasotti@elettra.eu

THPTS102
4346

MC7: Accelerator Technology
T08 RF Power Sources

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-THPTS103

FIRST RESULTS OF THE ANALYTICAL METHOD USED TO REDUCE
DOWNTIME RISK AT AN ACCELERATOR FACILITY*
W.C. Barkley†, M. Pieck, R.W. Garnett, M.J. Borden, M.S. Gulley, E.L. Kerstiens, D.E. Rees,
F.E. Shelley, B.G. Smith, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
Abstract
The Los Alamos Neutron Science Center (LANSCE),
like many other accelerator facilities, was built decades ago
and has been repurposed when new missions were adopted.
With an ongoing beam availability expectation of at least
80% delivered to the Experimental Areas (EAs), a balance
between cost of spare equipment and budget has always
been a challenge. Beam availability data has been meticulously captured and binned over the years to completely
characterize the Structures, Systems and Components
(SSCs) and other factors that have caused or contributed to
accelerator downtime. Over these years, a critical spares
list prioritized the spare equipment purchases that were
deemed most important by the management team. In the
span of the years 2013 – 2015, significant accelerator upgrades and equipment replacements were performed in a
set of activities known as LANSCE-RM. Last year, a new
risk-based approach was developed by the management
team that included an analytical assessment and a quantitative evaluation of probability and consequence. The resulting risk register (risk-based equipment list) is being used to
guide decisions on funding requests and provide justification to mitigate operational risks. A paper by the same authors was published at LINAC 2018 describing this riskbased approach that serves to reformulate the critical spares
list. This paper, in the sections that follow, expands on the
approach by detailing the steps taken that led to the first
risk register. Additionally, it evaluates the historical unscheduled beam downtime at LANSCE compared to the
current funding allocation choices made to increase the
availability.

Introduction
Previous work was completed to establish a systematic
approach to improving beam availability at an accelerator
facility [1]. The present work expands on the previous
methods, the prioritized equipment list and risk analyses
through further examination of results. This paper divulges
the first risk register and describes year-by-year trends in
availability data.
When thousands of SSCs are vital to the operation of the
LANSCE accelerator, organizing, binning and reporting a
meaningful downtime record is absolutely vital to improving availability. The operations group at LANSCE has continuously collected and binned the data over the years to
capture the SSCs responsible for downtime [2, 3]. These
data are recorded by the Accelerator Operations Manager

on algorithm enhanced spreadsheets. The downtime statistics are processed and reported weekly to equipment owners to take action on the data, if necessary. Downtime reports are generated to capture and explain the longer duration events. The facility is held accountable to meeting the
uptime metric negotiated annually with its sponsors.
At LANSCE, availability data is tracked for each of the
five EAs. For the sake of simplicity, Target 1’s (Lujan Center) availability will be described here. In fact, Target 1 is
the strictest indication of the overall health of the entire
machine since it resides downstream of several integral
beamline delivery sections (Figure 1, Lujan target = Target
1):

Figure 1: Pictorial Representation of LANSCE.

LANSCE Availability Data
Mining the data collected since 2010, Figure 2 shows the
availability at Target 1 over the past 9 run cycles. Note that
these run cycles varied in length between five and seven
months with the shorter durations occurring during the
LANSCE-RM set of activities (2013-2015).

Figure 2: Availability of Lujan Center EA (Target 1).

___________________________________________
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THE SARAF-LINAC PROJECT 2019 STATUS
N. Pichoff, R. Duperrier, G. Ferrand, B. Gastineau, F. Gougnaud, M. Jacquemet, C. Madec,
O. Piquet, T. Plaisant, F. Senée, D. Uriot, CEA/IRFU, Gif-sur-Yvette, France
D. Berkovits, Y. Luner, A. Perry, E. Reinfeld, Soreq NRC (SNRC), Yavne, Israel

Abstract

SNRC and CEA collaborate to the upgrade of the
SARAF accelerator to 5 mA CW 40 MeV deuteron and
proton beams (Phase 2). CEA is in charge of the design,
construction and commissioning of the MEBT line and
the superconducting linac (SARAF-LINAC Project). The
prototypes of the 176 MHz NC rebuncher, SC cavities,
RF coupler have been tested recently. Meanwhile, the
cryomodules technical specifications have been written
and called for tender. This paper presents the status of the
SARAF-LINAC Project at April 2019.

INTRODUCTION

The SARAF-LINAC project, managed by CEA
(France), integrated to the SARAF-Phase 2 project
managed by SNRC (Israel) has been introduced in [1].
In 2014, a first System Design Report (on the base of
which [1] was written) was presented and served of basis
on an agreement between CEA and SNRC.
The < 8 year project can be simplified in 3 overlapping
phases (Fig. 1):
 ~4.5y of detailed design, including prototyping,
 ~4y of construction, assembly and test at Saclay,
 ~2.5y of installation and commissioning at Soreq.

2022

2015
MEBT
CM1

Linac

Figure 1: SARAF-LINAC major schedule.

THE MEBT
The MEBT (Medium Energy Beam Transport, see Fig.
2) line passed its CDR in November 2018. The support,
beam chambers, vacuum and cooling circuits are now
being built. The line is planned to be assembled and tested
at Saclay from T4-2019 to T2-2020 before transportation
to SNRC.

2 out of 3 rebunchers

3 out of 8 quads.
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Following the IPAC’18 status [2], this paper presents
the SARAF-LINAC status after four years of
development. Here are the highlights since IPAC’18:
 Manufacturing and test of the first MEBT rebuncher.
 CDR of the MEBT,
 Manufacturing & test of the LB HWR prototype.
 Manufacturing & test of the RF coupler prototypes.
 Manufacturing & test of the current leads prototype.

Figure 2: 3D view of the MEBT. The beam coming from the RFQ enters the MEBT on the left.
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RESULTS OF CEA TESTS OF SARAF CAVITIES PROTOTYPES
G. Ferrand†, P. Carbonnier, F. Eozenou, E. Fayette, G. Jullien, S. Ladegaillerie, F. Leseigneur,
C. Madec, L. Maurice, N. Misiara, A. Pérolat, N. Pichoff, O. Piquet, C. Servouin, L. Zhao
IRFU, CEA, Université Paris-Saclay, France

Abstract

CEA is committed to delivering a Medium Energy Beam
Transfer line and a superconducting linac (SCL) for
SARAF accelerator in order to accelerate 5 mA beam of
either protons from 1.3 MeV to 35 MeV or deuterons from
2.6 MeV to 40 MeV. The SCL consists in 4 cryomodules.
The first two identical cryomodules host 6 half-wave resonator (HWR) low beta cavities (𝛽 = 0.09) at 176 MHz. The
last two identical cryomodules will host 7 HWR high-beta
cavities (𝛽 = 0.18) at 176 MHz. Low-beta and high beta
cavities have been optimized to limit electric and magnetic
peak fields in the cavity, and to minimize the dissipated
power. This document mainly presents the results with the
low-beta cavity prototype in vertical cryostat. This prototype was qualified.

INTRODUCTION

CEA is building a new accelerator for SARAF Phase II
[1]. A key element of the project is the superconducting
linac at 40 MeV (deuterons) or 35 MeV (protons). The
SARAF Phase II Linac will consist in 4 cryomodules with
HWR cavities at the frequency of 176 MHz. The low-beta
cavities are optimized to 𝛽 = 0.09 and the high-beta
cavity are optimized to 𝛽 = 0.18. The maximal beam
current in the Linac will be 5 mA for maximal accelerating
voltages of 1.0 MV and 2.3 MV for low and high betas respectively.
This document focuses on the results of the low-beta
cavity in vertical cryostat. The tests of this cavity with coupler and tuner in a dedicated test stand (ECTS) are presented in [2].
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RF DESIGN
The frequency target of these cavities is 176.000 MHz in
nominal operations. The optimal 𝛽, 𝛽 , of the cavities is
defined by the 𝛽 value that maximizes the effective shunt
impedance at 176.000 MHz. The simulated 𝛽 values are
0.091 and 0.181 ± 0.001. The accelerating fields is defined at 𝛽 . The low- and high-beta cavities must reach
accelerating gradients of 6.5 MV/m and 7.5 MV/m in operation, respectively. The design accelerating gradients are
defined 8% above the operational gradient, respectively at
7.0 MV/m and 8.1 MV/m.
Figure 1 shows a 3D of the low-beta resonator. Figure
2 presents the field maps for the low beta cavities. Figure
2: Electric field (left) and magnetic field (right) in the lowbeta cavity.
Table 1 presents the critical parameters for the low- and
high-beta cavities. The high-beta cavities are about as long
as the low-beta cavity, but the outer diameter is approximately twice as big compared to the low-beta cavity.
More details about the design can be found in [3].

Figure 2: Electric field (left) and magnetic field (right) in
the low-beta cavity.
Table 1: Expected Performances of the Low-Beta Cavities

Figure 1: ¾ of the low beta cavity.

𝛽
Design 𝐸 (MV/m)
(MV/m)
𝐸𝑝𝑘
(mT)
𝐵𝑝𝑘
Target Q0 @ 4.45 K
R/Q @ 𝛽 (Ω)
Stored Energy (J)
Max. RF power consumption @ 4.45 K (W) & Eacc

Low 𝜷
cav.
0.091
7
34.5
65.6
8.108
189
5.7
7.9

High 𝜷 cav.
0.181
8.1
35.8
65.3
1.2.109
280
16.8
15.5
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HIGH FIELD SUPERCONDUCTING MAGNET PROGRAM
FOR ACCELERATORS IN CHINA*
Q. J. Xu†, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China
Abstract
High field magnet technology is the key to the success
of the high energy accelerators in future. China is pursuing
critical technologies R&D for future circular colliders like
the Super Proton Proton Collider (SPPC). SPPC will need
thousands of high field (12-20 T) superconducting magnets
in around 20 years. A long term R&D roadmap of the advanced superconducting materials and high field magnets
has been made, aiming to push the technology frontier to
the desired level, and a strong domestic collaboration is established, which brings together expertise of Chinese superconductivity community from fields of physics, materials, technology and application. The goal is to address
prominent scientific and technological issues and challenges for high field applications of advanced superconducting materials. In the past years model magnets with
hybrid coils (NbTi, Nb3Sn and iron-based superconductors) have been developed and tested. An overview of the
high field magnet program, R&D status and the future
plans will be presented.

CONCEPTUAL DESIGN STUDY
OF THE MAGNET FOR SPPC
A conceptual design study of 12-T 2-in-1 dipole magnets
is ongoing with the Iron-based superconducting (IBS)
technology, to fulfill the requirements and need of a proposed large-scale superconducting accelerator: Super Proton Proton Collider (SPPC), which aims to discover the
new physics beyond the standard model with a 100-km circumference tunnel and 75 TeV center-of-mass energy [1].
The design study is carried out with an expected Je level of
IBS in 10 years, i.e., about 10 times higher than the present
level. Besides the significant improvement of Je, we are
also expecting that the IBS superconductor would have
much better mechanical performance comparing with present high field conductors like Nb3Sn, ReBCO and
Bi-2212, and the much lower cost than them.
The aperture diameter of the magnets is 45 mm. The
main field is 12 T in the two apertures per magnet with
10-4 field uniformity. The common-coil configuration is
adopted for the coil layout because of its simple structure
and easy to fabricate. Two types of coil ends are considered and compared for the field quality and structure optimization: soft-way bending and hard-way bending. For the
hard-way bending the coil is wound with flared ends and
in such way the needed superconductors is minimized. The
cross sections of the two design options are shown in Fig.
1. The detailed information is presented in [2].
____________________________________________

* Work supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (CAS) Grant No. XDB25000000, the key research program of
CAS Grant No. XDPB01, the Hundred Talents Program of CAS and National
Natural Science Foundation of China Grant No. 11675193, 11575214, 11604335.
† email address: xuqj@ihep.ac.cn

Figure 1: Cross sections of the two design options for
12-T IBS SPPC dipole.

PROGRESS OF HIGH FIELD DIPOLE
MAGNET R&D
R&D of high field model dipole magnets is ongoing at
the Institute of High Energy Physics. As the first step, a
12-T subscale common-coil dipole magnet named LPF1
(Let the Proton Fly) with two apertures and graded coil
configuration was designed, fabricated, and tested. With 4
NbTi racetrack coils outside and 2 Nb3Sn racetrack coils
inside, this hybrid dipole magnet can provide a 12-T main
field in two apertures operating at 6100 A. The safety margin is 17% @ 4.2K for the designed current and field. To
reduce the field enhancement at the ends of the coils, the
coils were designed with different lengths. All of the six
coils were wound with superconducting Rutherford cables
and impregnated. Coils were pre-stressed during assembly
at room temperature with water-pressurized bladders in
vertical and horizontal directions. Two end plates and four
aluminum tension rods were adopted for pre-loading in axial direction. A 0.1 Ohm dump resistor was used for the
quench protection during the test of LPF1. LPF1 was tested
at 4.2 K and a field plateau had been shown around 10.2 T
after the 13th quench, as shown in Fig. 2. The parameters
of the design, the process of the fabrication and the test
performance of LPF1 are presented in [3].

Figure 2: The LPF1 model dipole magnet reached 10.2 T
at 4.2 K in two apertures.
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MAGNET DESIGN FOR SIAM PHOTON SOURCE II*
P. Sunwong†, S. Prawanta, T. Phimsen, P. Sudmuang, P. Klysubun,
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand
Abstract

Table 1: Magnet Requirement and Specification

Siam Photon Source II project has been approved and
detailed technical design of the accelerator system is currently in progress. The Double Triple Bend Achromat
(DTBA) lattice is implemented in the storage ring design
for low emittance and more space for insertion devices.
Magnets with moderate to high field requirements have
been designed, including combined function magnet with
the field gradient of 27.1 T/m, quadrupole magnets with the
field gradient up to 60 T/m and multifunction sextupole
magnets. This work presents the magnet requirement and
specification, design concept, recent simulation results and
analysis of the magnetic field quality. A plan for prototype
development is also discussed.

INTRODUCTION
Siam Photon Source is currently the only synchrotron
light source in Thailand. It has been operated since 2003
with the beam energy of 1.2 GeV and the maximum beam
current of 150 mA in the decay mode. There are 10 beamlines and 12 experimental stations utilizing a broad spectral
range of radiation from bending magnets and insertion devices. With increasing number of users, Siam Photon
Source II project was proposed and recently approved by
the government. The project aims to maximize domestic
industrial engagement, especially for magnets and vacuum
chambers manufacturing. Magnets for the storage ring
have been designed with parallel prototype development
which is done predominantly in-house and also by local
manufacturing industry.
With the implementation of Double Triple Bend Achromat (DTBA) lattice, the beam emittance below 1 nmrad is
obtained. The storage ring of Siam Photon Source II consists of 14 DTBA cells with the ring circumference of
321.3 m. Detailed information of the lattice design is reported elsewhere [1]. There are four normal bending magnets (BMs), two combined function magnets (DQs), a series of quadrupole magnets (QD, QF1, QF4, QF6 and
QF8), multifunction sextupole magnets (SD1, SD2 and
SF), octupole magnets and correcting magnets in the
DTBA cell. Although a complete magnet design is in progress, design concept and simulation results of some magnets will be presented in this work.

MAGNET DESIGN
Magnet design and requirement for Siam Photon Source
II is determined by several factors including beam dynamics requirement, vacuum chamber, manufacturing capability and space management. Table 1 summarizes the requirement and specification for the storage ring magnets.

Parameter
Field

BM
0.87
T

Ver. BSC
(mm)
Hor. BSC
(mm)
GFR (mm)
B/B
R (mm)
Parameter
Field
Ver. BSC
(mm)
Hor. BSC
(mm)
GFR (mm)
B/B
R (mm)

QD
51
T/m

QF1
45
T/m

QF4
44
T/m

±7.2

DQ
0.6 T,
27.1
T/m
±2.7

±7.5

±1.6

±5.1

±11.4

±7.3

±12.4

±12.0

±19.1

±14

±8

±10

±10

±16

110-4

110-2

510-4

510-4

--

26

16

16

510-4
18

QF6
60
T/m
±1.5

QF8
50
T/m

SD2
1140
T/m2

SF
1450
T/m2

±1.9

SD1
2030
T/m2
±7.0

±7.0

±4.9

±7.2

±8.7

±14.2

±9.4

±18.3

±10

±10

±13

±15

±15

510-4

510-4

110-3

110-3

16

16

22

24

110-3
24

The calculated Beam Stay Clear (BSC) required to accommodate electron beam with energy deviation up to
3.5% is used as a limiting factor for the vacuum chamber
design as well as the magnet Good Field Region (GFR)
verification. The pole radius (R) is not a constraint but it is
adjusted in the way that the required magnetic field
strength and the field homogeneity within the GFR can be
obtained, while maintaining the feasibility of the chamber
design. Conceptual design of magnets for the Siam Photon
Source II was carried out using the two-dimensional POISSON simulation software. Detailed design has been currently done in three dimensions using Radia and the results
will be cross-checked with the commercial Opera-3D, although a good consistency between magnetic field values
calculated from the two softwares have been reported before [2]. Figure 1 shows the magnet models created in Radia for magnetic field simulation in three dimensions. Engineering aspect is also considered in the design of magnet
yoke geometry. The yoke will be made of AISI 1006 lowcarbon steel. Magnet coil winding is designed such that all
magnets can be installed within the space available. Preliminary vacuum chamber design employs the maximum
BSC ellipse with the size of ±20 mm and ±8 mm in horizontal and vertical directions, respectively. A minimum
thickness of the vacuum chamber is 1.5 mm and the magnet
design must also take this into account.

___________________________________________
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DEVELOPMENT OF A PULSED POWER SUPPLY UTILIZING 13 KV
CLASS SIC-MOSFET
K. Okamura†1, F. Naito1, K. Takayama KEK, Tsukuba 305-0801, Japan
K. Fukuda, H. Kitai,H. Michikoshi, K. Sakamoto AIST, Tsukuba 305-8569, Japan
T. Kaito Chiba Institute of Technology, Narashino 275-0016 , Japan
D. Kumamoto, Nagaoka University of Technology, Nagaoka 940-2188, Japan
S. Lim, A. Tokuchi Pulsed Power Japan Ltd., Kusatsu 525-0058, Japan
1
also at J-PARC Center, Japan

Abstract
To resolve the drawback of conventional thyratron
switches, development of a semiconductor high voltage
switch utilizing a 13 kV class SiC-MOSFET developed by
Tsukuba Power Electronics Constellations (TPEC) is proceeding. At first, the device evaluation test was carried out
with a resistive load circuit. With the conditions of drain
voltage of 10 kV and load resistance of 1 kΩ, turn on loss
Eon, turn off loss Eoff, rise time Tr and fall time Tf were
1.7 mJ, 1.1 mJ, 64 ns, and 75 ns, respectively. As to gate
charge characteristics, required electric charge to increase
gate source voltage from 0 V to 20 V was about 80 nC.
Thereafter, the 2s-12p switch array was designed and assembled, where 12 MOSFETs are equally aligned on a circle shaped circuit board and two circuit boards are stacked
in series. A 14 kV-490 A-5 us pulse with a rise time of 430
ns in the long pulse mode and a 18 kV-318 A-1 us pulse
with a rise time of 289 ns in the short pulse mode were
successfully demonstrated. This switch will be installed as
a turn-off switch for the injection ES kicker in the KEKDA.

INTRODUCTION

Various kinds of pulsed power supplies are used in an
accelerator as well known. A thyratron has been long and
widely used as a key element of the devices that generates
high-voltage and large-current pulses. However, it has a
drawback in life-time, reliability, and its handling. To replace a thyratron with a semiconductor switch, a number
of devices must be connected in series [1,2] because of the
limited withstand voltage of a conventional Si semiconductor device. The recently developed SiC-MOSFET is a
promising candidate that can reduce the number of series
connection because SiC inherently has a 10 times higher
electrical breakdown strength compared with Si [3]. Actually a few kV class SiC-MOSFET is already commercially
available [4,5]. Attempt replacing thyratrons by SiCMOSFETs has started [6]. Moreover, SiC-MOSFET to allow an output voltage exceeding 10 kV has been developed
recently [7]. The authors have evaluated basic properties of
the newly developed 13 kV class SiC-MOSFET and then
assembled the switch unit in 2s12p. This paper describes
the first test results.

____________________________________________

† katsuya.okamura@j-parc.jp

SIC-MOSFET
The device was developed by Tsukuba Power Electronics Constellation (TPEC). Figure 1 shows the external view
of the device. The device package is similar to the standard
TO-268-2L surface mount package.

Figure 1: External view of the SiC-MOSFET.

Device Evaluation Test
Switching Test Switching test of the device was conducted with a resistive load. The switching test was carried
out in a single-shot mode. Figure 2 shows switching waveforms and switching losses for various load resistance values with dc voltage of 10 kV. Maximum peak pulse current
of 43.5 A was obtained with a load resistor of 200 Ω. However, high on-voltage was observed in that case. Figure 3
shows switching loss, turn on rise time (TR) and turn off
fall time (TF) as a function of nominal drain current IDN,
which is defined as (dc voltage)/(load resistance). Switching loss consists of turn-on loss EON, turn-off loss EOFF,
and conduction loss ECOND, where EON is defined as the
device loss generated from off state to the time point of
drain voltage falling to 10 % of the dc value in the turn-on
period, EOFF is defined as the device loss generated from
the time point of drain voltage rising from 10% to 100 %
of the recovery voltage in the turn-off period and Econ is
the rest portion of the total loss in the switching period, respectively. The turn-on loss EON increases rapidly,
whereas the turn-off loss EOFF increases gradually. Note
that EOFF is a little bit underestimated because of a sag of
the drain current and imperfect recovery voltage. However,
this is not caused by the device characteristic but an insufficient capacitance of the storage capacitor. As to switching
time, TR increases gradually, whereas TF decreases rapidly
till IDN reaches 20 A. This is because TF depends on not
only the device characteristics but on the time constant that
is determined by the product of the output capacitance of
the device and the load resistance.
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TESTS OF A 3D PRINTED BPM WITH A STRETCHED WIRE AND WITH
A PARTICLE BEAM ∗
N. Delerue† , D. Auguste, J. Bonis, F. Gauthier, S. Jenzer, and A. Moutardier,
LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France

Abstract
We have successfully printed a beam position monitor using 3D printing. After ultra-high vacuum testing and initial
measurements with a network analyser we now reports on
tests of this BPM using the stretched wire method. The BPM
has been installed on a test stand with a wire going through
it and electrical pulses have been sent. The signal measured
on the pick-ups was compared to that of two conventional
BPMs and shows no anomaly specific to the 3D printed
BPMs. Following the success of these tests we have also installed this BPM in a beam line at the PhotoInjector at LAL
(PHIL). We show that it can give position measurements
with an accuracy comparable to that of other BPMs.

INTRODUCTION

During the past few years we have been investigating the
potential of metal additive manufacturing (metal 3D printing) for particle accelerator. We have first demonstrated
that part produced using Selective Laser Melting (SLM one of the main additive manufacturing technique for metals) can be compatible with the requirements of Ultra-High
Vacuum (see [1]). Additional studies related to the use of additive manufacturing for UHV beam pipes are discussed this
year in another paper [2]. More recently we have produced
a beam position monitor and tested it with the Lambertson method [3]. We have now taken the tests of this BPM
two steps further, first by testing it on a test bench with the
stretched wire method and this is discussed in the next section and then by installing it in an accelerator to study its
behaviour with a real beam and this is discussed in the last
section.
The BPM used for the tests described in the paper has
been printed using Selective Laser Melting. The powder
used to print it was 316L powder. Its design is based on
the design of conventional BPMs that have produced for
another project in our lab. However the design has been
optimized using topological optimization as described in [3].
A CAD drawing of the BPM as well as pictures can be seen
on Figure 1.
After additive manufacturing minor work was still required in the mechanical workshop to sharpen the vacuum
knife-edges and to solder the electrical feedthrough (which
were not made by additive manufacturing) . This BPM was
about 50% cheaper than a BPM machined in the mechanical
workshop by conventional means and it took two weeks to
build against 6 weeks with conventional means. For the
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Figure 1: CAD 3D view of the 3D-printed BPM (top) and
pictures of the BPM after printing. The shapes have been
created by tolopogical optimization. Electrical feedthrough
have been added separately.
same functionalities the design was more compact as more
complex shapes could be done using additive manufacturing.

STRETCHED WIRE TESTS
To measure the resolution of the BPM we used the
stretched wire method. A short beamline was assembled using two conventional BPMs and this 3D-printed BPM (with
beam pipes in between) and a wire was stretched in their
middle as shown on Figure 2.
Electric pulses (5 V,10 µs) were sent on the wire. The signal on the four electrodes of the three BPMs were recorded
with a Libera Brillance+ [4] in single pass mode while the
BPM triplet was moved vertically using a stepper motor. The
wiring of the experimental setup is shown on Figure 3.
Example of data acquired are shown on Figure 4. The
horizontal axis is the estimated position according to the
translation stage settings and the vertical axis is the value
calculated by the libera based on the signal read on the
electrodes. The figure shows the position for the two conventional BPMs (green and blue dots) and the 3D-printed
BPM (red dots). As can be seen the measure for the three
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Abstract

At J-PARC, extraction tests of a 8 GeV pulsed proton
beam from Main Ring (MR), which is dedicated for the
COMET Experiment, have been successfully completed.
The COMET Experiment aims to find new physics beyond
the Standard Model by searching for the coherent neutrinoless conversion of a muon to an electron in muonic atoms.
This requires an extremely clean pulsed beam, and development of this beam plays a key role in the pursuit of the
highest level of sensitivity. This successful extraction test
is the clearing of a major milestone for the forthcoming
experiment.
The number of protons leaking between proton bunches
is required to be less than one for every 1010 protons in the
bunch. Extraction tests in the customized mode were conducted in January and February 2018 and resulted in many
successes. In this test, leakage protons between bunches
was successfully reduced below the objective of 10−10 of
the number of protons in a bunch. This is a great success to
guarantee the quality of proton beam required by COMET
experiment.
In this paper, the result of extinction measurement and future prospect of proton extinction improvement is presented
in addition to the detailed description of customized MR
operation.

INTRODUCTION

A Lepton Flavour Violation (LFV) among charged leptons, eg. µ− N → e− N process etc., which has never been
observed while the quark mixing and the neutrino oscillations have been experimentally confirmed, is attracting a
great deal of attention, since its observation is highly expected by most of well-motivated theories beyond the Standard Mode [1]. It is predicted that µ− N → e− N is naturally
causable with a branching ratio just below the current experimental upper bound, 10−13 ∼ 10−16 , by leading theories for
physics beyond the standard model, e.g. Supersymmetric
theories of Grand Unification or Supersymmetric Standard
Model with seesaw mechanism (eg. see Ref. [2] for a review). The ambitious goal of the COMET Experiment
(COherent Muon to Electron Transition) [3] is searching
for a µ− N → e− N process with an improved sensitivity
by at least four orders of magnitude over the last best upper
∗
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Figure 1: Time structure of the proton beam, background
events and DAQ window for the COMET Experiment.

limit on a µ− N → e− N branching ratio reported by the
SINDRUM-II collaboration, 7 × 10−13 [4].
The event signature of µ− N → e− N in a muonic atom is a
monochromatic single electron emitted from the conversion
with an energy of Eµe = mµ − Bµ − Erecoil , where mµ is the
muon mass, and Bµ is the binding energy of the 1s muonic
atom. Erecoil is the nuclear recoil energy which is extremely
small and can be negligible. Since Bµ depends on nuclei
Eµe varies, eg. 104.3 MeV for Ti and 105.1 MeV for Al.
One of the most severe source of electron background
event is beam-related background which is caused by beam
particles of muons and other contaminated particles in a
secondary muon beam. Since muonic atoms have lifetimes
of the order of 1 µsec, a pulsed beam with its width that is
enough short compared with these lifetimes would allow one
to remove beam-related backgrounds by performing measurements in a delayed DAQ window. The relation between
the required time structure of proton beam and the DAQ
window for µ− N → e− N search is schematically shown in
Fig. 1. To eliminate prompt beam-related backgrounds,
i) a long enough (∼ 1µsec) interval of proton bunches, and
ii) small number of residual protons in between bunches
are essential. In particular, ii) is essential and called EXTINCTION which is defined as a fraction of the number
of residual protons in between bunches and the number of
protons filled into bunches. In order to achieve the COMET
goal, i.e. branching-ratio sensitivity of O(10−16 ), excellent
extinction of 10−10 is necessary at least.
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Abstract
We report on a system (ps-BPM) that can measure the
electron source vertical position and angular motion along
with the vertical source size and angular size at a single
location in a synchrotron bend magnet beamline. This system uses a combination of a monochromator and a filter
with a K-edge to which the monochromator was tuned in
energy. Measurement of the vertical beam location without
the absorber and vertical edge location with the absorber
allows measurement of the source position and angle. The
beam width and edge width give information about the vertical electron source size and angular distribution. In this
work, we show a typical measurement with the ps-BPM
monitor and results that can be obtained from a single
measurement. By combining the analysis in the time and
frequency domain, information on beam motion and size
can be extracted and identified. Examples of ps-BPM applications are given.

INTRODUCTION

Accurate measurements of the electron source size and
divergence are becoming increasingly important at synchrotron facilities as the new generation light sources are
being built with the focus on achieving the smallest possible emittance [1, 2].
Currently available ways of measuring the source size
are relying on direct imaging or interference-based techniques. Direct imaging includes pinhole imaging [3, 4], imaging with Kirkpatrick-Baez (KB) mirrors [5], Compound
Refractive Lenses (CRLs) [6] and Fresnel Zone Plates
(FZP) [7, 8]. The interferometry based systems include
double-slit diffraction [9-11], grating interferometry [12,
13], and π-polarization [14].
In addition to the importance of measuring the source
size at these new generation light sources, beam stability is
also of great concern. Real-time measurements of the position and angular position of the electron beam at a single
location will be a powerful tool as a monitor, a diagnostic
element and in a feedback system.
Here we present a new system, phase space Beam Position Monitor (ps-BPM), that measures, in real time, all four
quantities (size, divergence, position, and angular position)
of the electron source in the vertical plane from a single
measurement [15, 16].
___________________________________________
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ps-BPM SYSTEM
The ps-BPM system uses the nearly monochromatic
beam provided by a crystal monochromator (in Bragg or
Laue geometry) around an absorption K-edge of a selected
filter element. Half of the horizontal fan of the beam is covered by the K-edge filter and the other half has no filter.
Both halves of the beam are imaged with an area detector.
The unfiltered beam side of the image is summed over a
horizontal width and the beam profile is shown in Fig. 1a.
This profile is fitted with a Gaussian function from which
the center location and the width of the beam are obtained.
For the filtered beam side the image data is also summed
over a horizontal width as shown in Fig. 1b. This profile is
then normalized by the unfiltered beam. The negative logarithm of this normalized filtered beam profile is taken to
convert the filtered data to an absorption profile which resembles the step function associated with the K-edge of the
element as shown in Fig. 1c. A spatial derivative is taken
of this step-like function forming a peak which is then also
fit by a Gaussian function from which we have an edge location and width as shown in Fig. 1d.

SOURCE POSITION AND ANGLE
MEASUREMENTS
Filtered K-edge Side
It’s been shown previously [15] that the location of the
K-edge on the filtered K-edge side of the data is only sensitive to the electron beam position and not to the angular
position of the electron beam. Therefore, the center of the
Gaussian fit of the filtered K-edge side (𝑦
is a measure of the electron beam position (𝑦 ) as shown in Eq. 1,
𝑦
.
(1)
𝑦

Figure 1: Beam and edge analysis of the ps-BPM system.
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Abstract

2007-2011: Race to 1 MW

The Spallation Neutron Source (SNS) is a short pulse
neutron source facility driven by a high-power proton accelerator. Over the past the past few years SNS has undergone a systematic increase in operational beam power, culminating in operation at the proton beam design level of
1.4 MW. SNS is presently engaged in upgrades including a
project to double the proton beam power capability. The
recent operational power increase and the plans for upgrades will be discussed.

The initial transition to operations plan envisioned
reaching 1.4 MW operations at 92% reliability within 3
years [2]. There was a strong push to ramp-up the beam
power as quickly as possible [3]. Many equipment issues
surfaced which limited the ability to run at higher power
and 1.4 MW was not reached within 3 years. Three primary
areas of equipment issues were: 1) the ion source and front
end, 2) the RF high voltage pulse forming network equipment, and 3) the superconducting linac.

INTRODUCTION

The SNS facility [1] began operations as a short pulse
neutron source in late 2006. The neutron source consists of
an H- linear accelerator that injects 1 msec pulses into an
accumulator ring by charge exchange. The accumulated
protons are fast extracted in a single turn to a mercury target to provide a high intensity short pulse neutron source.
This process is repeated at 60 Hz. SNS was designed to be
the first MW class short pulse neutron source, with upgrade
provisions included to facilitate a future power level increase.
The power ramp-up to the design level of 1.4 MW is
summarized in the following section, with an emphasis on
the most recent increase from 1.0 to 1.4 MW. Installation
of a new Radio Frequency Quadrupole (RFQ) and improvements in the mercury target vessel are two primary
upgrades that enabled steady 1.4 MW power capability.
The next section describes SNS upgrades, including the
Proton Power Upgrade (PPU) project. This project aims to
double the accelerator capability to 2.8 MW, along with
target systems upgrades to handle increased power.

THE SNS POWER RAMP-UP TO 1.4 MW

Figure 1 shows the SNS proton beam power history
since initial operations. Here this history is divided into
three periods: 1) early years from 2007-2011, 2) the intermediate period from 2012-2016 and 3) recent operations
from 2017-2019.
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Figure 1: The SNS beam power history.
The ion source and electrostatic LEBT had reliability issues and the source current level sometimes limited the
available beam power. Test stand development initiated in
the early years has resulted in a robust world class H- ion
source [4]. The high voltage convertor modulators
(HVCM) were first of a kind large scale accelerator implementation of solid-state technology for high voltage pulse
forming and also experienced reliability issues, sometimes
limiting the available beam power during this period. An
extensive off line HVCM test stand campaign was initiated
early on, and this effort has paid dividends [5]. Finally, issues were identified in operation of the superconducting
linac (SCL) cavities in the early years. Initially the beam
energy was reduced, in order to allow margin for safe
equipment operation and to fix broken equipment. This experience includes removal of unneeded cavity peripherals
(e.g. piezo tuners and higher order mode filters), developing and enforcing rigorous operational guidelines, and implementation of an in-situ plasma processing technique to
recover operating gradient. With these efforts the beam energy from the superconducting linac has increased, and for
the first time reached the design energy of 1 GeV in operation during 2018 [6].
MC4: Hadron Accelerators
A14 Neutron Spallation Facilities

IPAC2019, Melbourne, Australia
JACoW Publishing
doi:10.18429/JACoW-IPAC2019-FRYPLM2

LASERS FOR NOVEL ACCELERATORS
L. A. Gizzi†, P. Koester, L. Labate, Istituto Nazionale di Ottica, CNR, Pisa, Italy
F. Mathieu, Z.Mazzotta1, Ecole Polytechnique, CNRS, Palaiseau, France
G. Toci, M.Vannini, Istituto Nazionale di Ottica, CNR, Sesto Fiorentino (FI), Italy
1
now at ARCNL, University of Amsterdam, The Netherlands
Abstract
Novel accelerator schemes are rapidly emerging in the
wake of laser-plasma acceleration research and involve
advanced high-power laser drivers for their operation.
Significant progress has been made in laser performance
during the past decade, including repetition rate, average
and peak power, and footprint, making these systems
attractive for many applications, including novel accelerators. Here we discuss laser driver requirements for the
proposed novel accelerator schemes, examine emerging
technologies and introduce a viable laser driver concept
for a first generation of plasma accelerators.

This is a preprint — the final version is published with IOP

INTRODUCTION
After two decades of dramatic developments in laserplasma acceleration [1,2,3,4,5] following the original idea
of Tajima and Dowson[6], enabled by the invention of
CPA lasers [7] and the diffusion of high ultrashort pulse
lasers worldwide [8], record electron energy in the lab is
now approaching the 10 GeV [9]. As a consequence,
concepts for a new generation of industrial, high gradient
accelerators based on highly advanced laser-plasma acceleration schemes are emerging rapidly.
Among these, the European H2020 project named
EuPRAXIA[10] aims at the realization of a European
Plasma Research Accelerator with eXcellence In Applications and is delivering a conceptual design of a plasma
based electron beam accelerator to final energies between
1 and 5 GeV, with bunch duration of a few fs, transverse
emittance of about 1 mm-mrad and relative energy spread
reaching from a few % down to a few 10-3 total and few
10-4 in a 1 micro-meter slice of the beam. The EuPRAXIA
specifications [11] approach the regime of modern X-ray
free-electron lasers (FELs) and fulfil basic requirements
for a 5 GeV plasma accelerator stage of a linear collider.
The EuPRAXIA concept, like other similar programmes world-wide, builds upon ultrashort pulse laser
drivers [12] with kW average power and up to petawattscale peak power, with a repetition rate ideally up to 1
kHz and beyond. Such laser systems are not currently
available, but the scenario for enabling technologies is
evolving rapidly. Indeed, new architectures are emerging
with the promise of addressing medium and long-term
objectives of laser-plasma acceleration and future plasmabased particle colliders. Scaling the technology of existing high peak power lasers to higher average power, while
maintaining key technological performance requirements,
is challenging and required high average power pump
laser sources. Pulsed high energy solid state lasers have

demonstrated continuous operation at 100J scale energy
per pulse and repetition rates up to 10 Hz, like the DIPOLE laser [13] and the industrial P60 [14]. Solid-state
lasers with peak power in the petawatt class and pulse
energies exceeding 10 J have reached an average power
of tens of watts, like the BELLA system [15], with
HAPLS aiming at 300 W[16]. It is therefore clear that a
one order of magnitude or higher improvement in the
average power of ultrafast lasers is needed to meet laser
requirements for novel plasma accelerators.

TECHNOLOGY PATHS
Motivated by endeavours like the kBELLA project
(LBNL, US)[17] and also by EuPRAXIA [10], new concepts are emerging which are now entering the design and
prototyping demonstration phase for intermediate average
power levels and may offer solution for kHz and higher
rep-rate systems. Depending on the required laser parameters, the time to construction and the expected performance, several approaches can be identified starting from
laser technologies currently available and evaluating their
scalability to the required specifications. In the following,
a brief description of the leading technologies is given,
sorted according to their efficiency, outlining pros and
cons in the perspective of designing a driver for a laserplasma accelerator.

Titanium Sapphire
Currently used in almost all the laser-plasma acceleration laboratories and facilities, Ti:Sapphire based technology is certainly the most advanced and mature. Featuring
a broad gain bandwidth, Titanium doped Al2O3 (Ti:Sa),
allows for the amplification of a few tens of fs pulses. It is
therefore perfectly suited for the laser pulse duration
targeted by current LWFA driver parameters, at a wavelength of about 800 nm. On the other hand Ti:Sapphire
must be pumped in the visible, typically between 500 and
550 nm, commonly obtained by frequency doubled Qswitched Nd:YAG lasers. The wall-plug efficiency of the
whole system is usually quite low, in particular when
flash lamp pumped Nd:YAG lasers are used. Moreover,
the high (~ 34%) quantum defect between the pump and
the fluorescence photon energy imposes a high thermal
load on the gain medium. These elements make the operation at high average power quite challenging. Replacement of flash lamp, with diode-pumped solid state
(DPSSL) lasers provides a significant improvement in
wall-plug efficiency, with major European industrial endeavour in place. In very recent years, demonstration of
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